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Ni t rogena t ion  of F e - 2  pct  A1 a l loys  p roduces  a l a r g e  number  of A1N p a r t i c l e s  a n d  a l a rge  
dens i ty  of d i s loca t ions  in the f e r r i t e .  We have  m e a s u r e d  the amount  of n i t rogen  absorbed  
r e v e r s i b l y  as  a function of n i t rogen  ac t iv i ty  at 500~ by a l loys  n i t rogena ted  under  d i f f e r -  
ent condi t ions.  We have a lso  m e a s u r e d  the r e v e r s i b l e  hydrogen absorp t ion  at room t e m -  
p e r a t u r e  as  a function of hydrogen fugaci ty  and with va ry ing  amounts  of p r e a d s o r b e d  
n i t rogen .  Some p r e p a r a t i v e  t r e a t m e n t s  p roduce  some  A1N-fe r r i t e  i n t e r f a c e  that  can r e -  
v e r s i b l y  adsorb  n i t rogen  at 500~ and hydrogen at 24.5~ upon s i t e s  not occupied by n i t r o -  
gen. In the absence  of such in t e r f ace ,  the n i t rogen  absorp t ion  i s o t h e r m s  and the n i t rogen-  
f r e e  hydrogen absorp t ion  i s o t h e r m s  a r e  adequa te ly  d e s c r i b e d  by a mode l  based  upon the 
t h e r m o d y n a m i c s  of s t r e s s e d  bodies .  However ,  the o b s e r v e d  d e c r e a s e  of abso rbed  hydro-  
gen caused by p r e a b s o r b e d  n i t rogen  is not expl icable  by the s imple  idea that  a s i te  occu-  
pied by n i t rogen  is  unava i lab le  to hydrogen.  

IN Par t  II of th is  s e r i e s  1 we showed that n i t rogena ted  
Fe-A1 a l loys ,  cons i s t ing  of n u m e r o u s ,  e x t r e m e l y  s m a l l  
A1N p a r t i c l e s  and of f e r r i t e  phase  containing a v e r y  
l a r g e  densi ty  of d i s loca t ions ,  abso rb  cons ide rab l e  
amounts  of n i t rogen  in e x c e s s  of the n o r m a l  l a t t i ce  so-  
lubi l i ty .  P a r t  of the e x c e s s  n i t rogen  was  ident i f ied  as 
being adso rbed  at the A1N- fe r r i t e  i n t e r f ace ,  and ano ther  
pa r t  was  c h a r a c t e r i z e d  as  being held at the c o r e s  and 
a s s o c i a t e d  s t r e s s  f ie lds  of d i s loca t ions .  The d i s l oca -  
t i on -he ld  n i t rogen  was e x p e r i m e n t a l l y  shown to exhibit  
r e v e r s i b l e  i s o t h e r m s  at v a r i o u s  t e m p e r a t u r e s ,  and Li 
and Chou la d e m o n s t r a t e d  r e m a r k a b l y  good a g r e e m e n t  
be tween the expe r imen t a l  i s o t h e r m s  and i s o t h e r m s  ca l -  
cula ted f rom the t h e r m o d y n a m i c s  of s t r e s s e d  bodies  .2 

It is c l e a r l y  of i n t e r e s t  to inves t iga te  the extent  and 
the m a n n e r  of the l o w e r - t e m p e r a t u r e  absorp t ion  of hy-  
drogen at v a r i o u s  fugac i t i e s  by n i t rogena ted  a l loys  con- 
ta ining d i f fe ren t ,  known amounts  of abso rbed  n i t rogen  
co r r e spond ing  to m e a s u r e d  ac t i v i t i e s .  The in i t ia l  idea  
was  that the p r e a b s o r b e d  n i t rogen  would p r e e m p t  d i s -  
l o c a t i o n - c o r e  s i t e s  f r o m  occupancy by hydrogen at 
r o o m  t e m p e r a t u r e ,  but that i n t e r f e r e n c e  by n i t rogen  
would be neg l ig ib le  away f r o m  the c o r e s .  The p r e s e n t  
inves t iga t ion  cons i s t s  of n i t rogena t ing  an F e - 2  pct  (by 
weight)  a luminum al loy ,  es tab l i sh ing  the r e v e r s i b l e  n i -  
t r ogen  con ten t - ac t iv i ty  i s o t h e r m  at 500~ and es t ab -  
l i sh ing  the r o o m - t e m p e r a t u r e  r e v e r s i b l e  hydrogen con- 
t en t - fugac i ty  i s o t h e r m s  for  a l loys  with v a r i o u s  amounts  
of f r o z e n - i n  n i t rogen ,  which at 500~ is  r e v e r s i b l y  
abso rbed .  We c o m p a r e  the e x p e r i m e n t a l  n i t rogen  i s o -  
t h e r m s  with i s o t h e r m s  ca lcu la ted  by the L i -Chou  p r o -  
cedure ,  and the e x p e r i m e n t a l  hydrogen i s o t h e r m s  and 
i s o b a r s  with c u r v e s  ca lcu la ted  by the L i -Chou  technique  
but modif ied  to account  for  s i t e s  p r e e m p t e d  by n i t rogen .  

EXPERIMENTAL DETAILS AND RESULTS 

A) Ni t rogena t ion  and Ni t rogen  I s o t h e r m s  

In o r d e r  to p roduce  a l loys  with d i f ferent  d i s loca t ion  
dens i t i e s ,  both the n i t rogena t ing  condi t ions  and the con-  
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di t ions for  the subsequent  reduct ion  t r e a t m e n t  with hy-  
drogen w e r e  va r i ed .  The ove ra l l  p r o c e d u r e  is de -  
s c r i b e d  in an e a r l i e r  pape r ,  a and the p a r t i c u l a r  p a r a m -  
e t e r s  for  each a l loy  a r e  given in Table  I. In genera I ,  
one expec ts  l a r g e r  d i s loca t ion  dens i t i e s  and s m a l l e r  
A1N p a r t i c l e s  to be p roduced  the l a r g e r  is the ra t io  of 
am m on ia  to hydrogen in the n i t rogena t ing  a t m o s p h e r e .  
The subsequent  hydrogen reduct ion  t r e a t m e n t ,  when 
employed,  may be expected  to reduce  the d is Ioeat ion  
densi ty  that had been produced  during n i t rogena t ion ;  
the h igher  the t e m p e r a t u r e  of reduct ion ,  the l a r g e r  
should be the lo s s  of d i s loca t ions .  The changes in n i -  
t rogen  content co r re spond ing  to changes  in the n i t r o -  
gen ac t iv i ty  of the gas phase  w e r e  m e a s u r e d  g r a v i -  
m e t r i c a l l y  at 500~ and the resu l t ing  i s o t h e r m s  a r e  
shown in Fig .  1. It is  impor tan t  to note that  g r a v i m e t r i c  
dens i t i e s  of n i t rogena ted  a t loys  have been m e a s u r e d  3 
and w e r e  found to c o r r e s p o n d  c lose ly  with those  ca lcu -  
la ted  for  two-phase  a l loys  (A1N plus f e r r i t e )  without 
m i e r o c r a c k s .  T h e r e f o r e  we do not expect  to o b s e r v e  
any a p p r e c i a b l e  uptake of n i t rogen  or  of hydrogen on 
in te rna l  s u r f a c e s  o r  in the vo lum es  of voids .  

Table I. Alloy Preparation and Reference to Figures of Experimental Data 

Alloy 

Hydrogen 
Composition of Reduction Figure No. For 

Prior Nitrogenating Treatment Nitrogen Hydrogen 
Cold Atmosphere* Temp, Time, Isotherm, Hydrogen Isobar, 
Work Pct NH3 Pct H2 ~ hr 500~ Isotherm 24.5~ 

1 25% 17.5 82.5 500 209 - 3 - 
2 25 18.5 81.5 none 1 4 6 
3 25 18.5 81.5 525 66 1 - 7 
4 13 27.0 73.0 500 136 1 - 7 

17.5 82.5t 
5 25 18.5 81.5 600 95 1 5 8 
6 38 17-21% bal. 500 72 1 9 

*All nitrogenations were conducted at 500~ on 0.028 cm thick specimens of 
a polycrystalline alloy in a cold-worked state. ]?he sole exception is alloy 6, which 
was initially a single crystal of Fe-2 pct AI, and was cold-rolled to a thickness of 
about 0.05 cm before nitrogenation. 

+Alloy was nitrogenated to 75 pct of saturation with the first gas mixture and 
nitrogenation was completed with the second mixture. 
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Fig.  1 - - E x p e r i m e n t a l  r e v e r s i b l e  n i t r o g e n  a b s o r p t i o n  i s o t h e r m s ,  
p g  ni t rogerv/g Fe in a l loy  a t  500~ a s  a func t ion  of n i t r o g e n  a c -  
t ivi ty,  aN=PNH3/P~/2, a t m  -1/2. The l e t t e r s  labe l  s o m e  of the 
n i t r o g e n  c o n t e n t s  a t  2 which  h y d r o g e n  a b s o r p t i o n  i s o t h e r m s  or  
i s o b a r s  w e r e  m e a s u r e d ;  t h e s e  l e t t e r s  a r e  c a r r i e d  t h r o u g h  in 
s u b s e q u e n t  f i g u r e s .  The  point  E for  a l loy  2 is  an  e x t r a p o l a t e d  
point ,  the l i n e a r  e x t r a p o l a t i o n  be ing  shown  in Fig. 6. 

B) Hydrogena t ion  and Hydrogen  I s o t h e r m s  

E s t a b l i s h m e n t  of an equ i l i b r ium hydrogen  i s o t h e r m  
for  an a l loy  of a given n i t rogen  content c o r r e s p o n d i n g  
to a known n i t rogen  ac t iv i ty  (at 500~ r e q u i r e s  the 
m e a s u r e m e n t  of the  quant i ty  of hydrogen  a b s o r b e d  at  a 
m e a s u r e d  hydrogen  fugaci ty .  The quant i ty  of a b s o r b e d  
hydrogen  was  m e a s u r e d  v o l u m e t r i c a l l y  by vacuum ex-  
t r ac t i on  conducted  by r a i s i n g  the s a m p l e  t e m p e r a t u r e  
s lowly  to 300~ over  a p e r i o d  of a few hou r s .  H ighe r  
ex t r ac t i on  t e m p e r a t u r e s  w e r e  a l s o  t r i e d  and w e r e  
found to be u n n e c e s s a r y .  The  m e a s u r e m e n t  of the hy-  
drogen  fugaci ty  r e q u i r e s  m o r e  extended d i s c u s s i o n .  

It was d e s i r e d  to m e a s u r e  hydrogen  abso rp t i on  at  
four  hydrogen  fugac i t i e s  d i s t r i b u t e d  ove r  four  p o w e r s  
of ten.  In p r i n c i p l e  t h e s e  fugac i t i e s ,  beginning at  1 a tm 
He, could have been e s t a b l i s h e d  by expos ing  the n i t r o -  
gena ted  a l loy  to a known p r e s s u r e  of hydrogen  gas  at  
r oom t e m p e r a t u r e  for  a suff ic ient  length of t i m e  to in-  
s u r e  equ i l i b r ium.  In p r a c t i c e ,  however ,  the  e q u i l i b r a -  
t ion t i m e s  w e r e  found to be u n d e s i r a b l y  long,  u n l e s s  
e x p e r i m e n t a l l y  diff icul t  s u r f a c e  a b r a s i o n  was  c a r r i e d  
out under  the hydrogen  gas .  F o r  th i s  r e a s o n ,  hydrogen  
was  in t roduced  into the a l l o y s  by cathodic  charg ing  to 
s a tu r a t i on ,  fol lowed in a l l  c a s e s  but one, by e q u i l i b r a -  
t ion aga ins t  a known p r e s s u r e  of hydrogen  gas .  Because  
the  o r ig ina l  cathodic  charg ing  put in a l a r g e r  amount  
of hydrogen than those  c o r r e s p o n d i n g  to the  gas  p r e s -  
s u r e s  to which the a l l oys  w e r e  subsequen t ly  exposed ,  
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Fig. 2 - - S c h e m a t i c  d i a g r a m  of ce l l  u s e d  in the d e t e r m i n a t i o n  of 
h y d r o g e n  fugac i t y  by the  m e a s u r e m e n t  of the  s t e a d y - s t a t e  
p e r m e a t i o n .  

the  second  s t ep  involved the e s c a p e  of hydrogen  f rom 
the a l l o y s .  F o r  r e a s o n s  not now under s tood ,  the exi t ing 
k i n e t i c s  (me ta l  to gas)  i s  much m o r e  r a p i d  than the 
en t ry  k i n e t i c s  (gas to me ta l ) .  The length  of t i m e  p e r -  
m i t t e d  for  equ i l i b r i um to be  e s t a b l i s h e d  by deso rp t ion  
was  a lways  in e x c e s s  of 300 h r ,  and p r e f e r a b l y  600 hr .  
In th i s  way, the fugac i t i es*  f rom 1 to 150 a tm w e r e  

*Conversion of pressure to fugacity was made by means of the fugacity coeffi- 
cients of Ref. 4. 

e s t a b l i s h e d .  In one in s t ance ,  a f r e s h l y  d e g a s s e d  s p e c -  
imen  was  exposed  to 1 a tm of H2 gas  for  l e s s  than 1 h r  
a t  24.5~ dur ing  which  t i m e  the s p e c i m e n  s u r f a c e  was  
cont inual ly  a b r a d e d  to f a c i l i t a t e  the  t a k e - u p  of h y d r o -  
gen.  The amount  of hydrogen  a b s o r b e d  was  only 1 ppm 
below the va lue  obta ined  by ca thodic  charg ing  fol lowed 
by deso rp t ion  for  261 hr  under  1 a tm  of H2 gas .  This  
r e s u l t  m a k e s  i t  p o s s i b l e  to in fe r  that  the  r e a c t i o n  d u r -  
ing the deso rp t ion  s tep  was  p a r t  of the r e v e r s i b l e  
p r o c e s s ,  H(metal )  ~-~ -~H2(g), and not some  i r r e v e r s i b l e  
p r o c e s s  such a s  

-~O2 (as i m p u r i t y  in H2) + 2H(metal)  - -  HzO 

F u r t h e r  ev idence  of r e v e r s i b i l i t y  was  obta ined  by a l -  
lowing hydrogen  f rom a c ha rge d  s p e c i m e n  to d e s o r b  
into an a t m o s p h e r e  of d e u t e r i u m  gas .  A f t e r  p a r t i a l  
de so rp t i on  had o c c u r r e d ,  the  r e m a i n i n g  hydrogen  in the  
s p e c i m e n  was  a n a l y z e d  and was  found to cons i s t  p a r -  
t i a l l y  of de u t e r i um.  Thus,  whi le  hydrogen  was  leav ing  
the s p e c i m e n  d e u t e r i u m  was  en te r ing  i t .  

The cathodic  charg ing  was  p r e c e d e d  by c leaning of 
the s p e c i m e n s  in a solut ion cons i s t ing  of 2 p a r t s  of 85 
pct  phosphor i c  ac id  and 1 p a r t  of 50 pct  hydrogen  p e r -  
oxide .  The ca thodic  charg ing  i t s e l f  was  c a r r i e d  out on 
to t a l ly  i m m e r s e d  s p e c i m e n s  us ing  1N H2SO4 and a c u r -  
ren t  dens i ty  of 2 mA p e r  sq cm at 24.5~ 
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Because  of dif f icul t ies  of c a r ry ing  out equ i l ib ra t ions  
with hydrogen gas at p r e s s u r e s  of the o rde r  of 104 a tm,  
a di f ferent  technique was used  to m e a s u r e  the highest  
des i r ed  fugacity,  as  produced by the cathodic charging 
i t se l f .  To accompl i sh  th is  de te rmina t ion ,  s t eady- s t a t e  
p e r m e a t i o n  r a t e s  were  m e a s u r e d  upon spec ia l ly  p r e -  
pa red  d iaphragms  of these  a l loys ,  u t i l i z ing  ident ica l  
al loy compos i t ions ,  sur face  p repa ra t ion ,  and cathodic 
charging condit ions at the input side of the p e r m e a t i o n  
spec imens  as  for the spec imens  for i so the rm d e t e r -  
mina t ions .  

The p e r m e a t i o n  cel l  is  i l l u s t r a t ed  schemat i ca l ly  in 
Fig .  2. The output s ide of the spec imen  is coated with 
dibutyl phthalate  and ab raded  before  a s s e m b l i n g  the 
pe rmea t ion  cel l .  The hydrogen escaping f rom the spec-  
imen at the output s ide is  pas sed  through a t r ap  cooled 
with l iquid n i t rogen  and is  col lected in a c losed volu-  
m e t r i c  sys t em where  it is m e a s u r e d  at r egu la r  t ime  
i n t e rva l s .  Because  of the low p r e s s u r e  at which the 
gas is col lected,  ve ry  low p e r m e a t i o n  r a t e s  can be 
m e a s u r e d  accu ra t e ly .  S teady-s ta te  pe rmea t ion  ra tes  
were  p r e s u m e d  to have been es tab l i shed  if the t ime  r e -  
qu i red  to reach a re la t ive ly  constant  ra te  was about 
equal (2 to 4 hr) to the t ime  r equ i r ed  for charging to 
sa tu ra t ion  the spec imens  for  the i so the rm d e t e r m i n a -  
t ions .  Outgass ing ra tes  of the col lect ing sys t em were  
taken into cons idera t ion .  The gas s amples  col lected 
were  always put through a m a s s  s p e c t r o m e t e r ,  an in te -  
g ra l  pa r t  of the sys t em.  

The pe rmea t ion  spec imens  were  0.25 and 0.50 cm 
thick p la tes  of annea led  Fe -2  pct A1, of which only less  
than 0.01 cm sect ion of the side contact ing the charging 
solut ion had been n i t rogena ted  in the same  way as  had 
been the spec imens  for  the i so the rm de t e rmina t ions .  
The reason  for us ing such a composi te  is  that the ve ry  
thin n i t rogena ted  l ayer  enables  the ident ica l  charging 
condi t ions,  and hence input hydrogen fugacity,  to be 
a t ta ined  as  for the i so the rm spec imens .  The flux, J, 
through such a composi te  of two media  in s e r i e s  may 
be expressed  as  

, ,  A./z _ f~ /2)  j = D1D2 ntez~]i 
Dell + nDlle 

in which f/ and f0 a r e  the input and output hydrogen fu- 
gaci t ies ,  r espec t ive ly ;  subsc r ip t s  1 and 2 re fe r  to the 
n i t rogena ted  and unn i t rogena ted  reg ions ,  r espec t ive ly ,  
of the composi te  m e m b r a n e ,  n = kl /k2,  where the k ' s  
re la te  hydrogen fugaci t ies  to concen t ra t ions .  Dj is the 
diffusivity of hydrogen in region  j,  which has the th ick-  
n e s s  lj .  Because  the 2 pct A1 cannot be expected to 
change marked ly  the diffusivity of hydrogen,  D~ ~ D2. 
R e m e m b e r i n g  that the n i t rogena ted  region 1 has s t r e s s  
f ie lds ,  the solubi l i ty  of hydrogen in it mus t  be  g r e a t e r  
than in region 2 at the same  hydrogen fugacity;  hence 
n > 1. Since a lso  12 >> ll ,  the above equation reduces  to 

g : D2k2(f~/2 - f ~ / Z ) / l z  

which r e l a t e s  the observed  s t eady-s t a t e  pe rmea t ion  
flux to the input hydrogen fugacity,  which is  what we 
wish to ca lcula te  (fo --- 0 in our exper iments ) .  This  r e -  
lat ion was es tab l i shed  by Gonzalez 5 for i ron,* and we 

*D2 k2 = (29 -+ 0.05) X 10" 3 exp (8400 -+ 400)/R T (Ref. 5). 

apply it he re  to the Fe -2  pct A1 solid solut ion because  
we know 3 that 2 pet A1 changes the solubi l i ty  of n i t r o -  
gen only negl igibly f rom that in annea led  i ron and that 
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Fig. 3--Hydrogen absorption isotherms for alloy 1 at various 
temperatures, pg hydrogen/g Fe in alloy vs log fugaeity of hy- 
drogen in atm. 
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Fig. 4--Hydrogen absorption isotherms at 24.5~ for alloy 2 
with various amounts of presorbed nitrogen designated by let- 
ters that refer to Fig. 1; pg H/g Fe in alloy vs log fH2' atm. 

the effect upon the solubi l i ty  of i ron cannot be ve ry  dif-  
fe rent ,  and because  D1 ~ D2 as  d i scussed  above.  

This  technique yielded 2 • 104 arm for the most  
p robable  hydrogen fugacity in the f resh ly  charged 
spec imen  at 24.5~ sca t t e r  of r e su l t s  was f rom 1 
• 104 to 5 • 104 atm.  To m e a s u r e  the co r respond ing  
hydrogen content,  the i so the rm spec imen  was t r a n s -  
f e r r e d  f rom the charging solut ion to the ext rac t ion  sys -  
t em within a few seconds .  In the case of those spec i -  
mens  which a f te r  charging had been equi l ib ra ted  with a 
hydrogen gas at known p r e s s u r e s ,  the sample  and the 
containing p r e s s u r e  vesse l  were  rapidly  cooled to 78 K 
before  r e l ea s ing  the hydrogen gas over  the sample ,  
p r i o r  to ana ly s i s  by vacuum ext rac t ion .  

The r e su l t s  of the m e a s u r e m e n t  of hydrogen content  
as  a function of hydrogen fugacity at va r ious  n i t rogen 
contents ,  as well as  of hydrogen contents  as  function 
of n i t rogen  contents  at va r ious  hydrogen fugaci t ies  a re  
shown in Figs .  3 to 8. In addit ion,  some h i g h e r - t e m p e r -  
a tu re  hydrogen i so the rms ,  at two n i t rogen contents ,  
a r e  shown in Fig.  9. These  were  obtained solely by gas 
equi l ibra t ion .  Fig.  3 shows the r e su l t s  of our  explora-  
to ry  hydrogen absorp t ion  on a n i t rogena ted  al loy not 
cha rac t e r i zed  by a n i t rogen  i so the rm.  It shows the 
r e su l t s  of vary ing  both the t e m p e r a t u r e  and the dura -  
t ions  of the equi l ibra t ion  step.  On the ba s i s  of this  ex- 
p lo ra to ry  work it was decided to use only 24.5~ for 
l o w - t e m p e r a t u r e  hydrogen absorp t ions .  

DISCUSSION 

A) The Nitrogen I so the rms  

Inspect ion of Fig.  1 shows that the amount  of n i t r o -  
gen held i r r e v e r s i b l y  ( i .e . ,  at a N = 0) and also the 
amount  of r e v e r s i b l e  n i t rogen at a given value of a N 
va ry  with va r i a t i ons  in the n i t rogena t ion  t r e a t m e n t .  
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This is of course what would be expected from the dif- 
ferent AIN particle sizes and dislocation densities pro- 
duced by the different  n i t rogena t ion  t r e a t m e n t s .  We 
have the re fo re  the opportuni ty  for a m o r e  in tens ive  
examinat ion  of the appl icabi l i ty  of the Li -Chou a n a l -  
ysis.~ 

We reca l l  that this  ana ly s i s  cons ide r s  the fact that 
n i t rogen  causes  a n o r m a l  s t r a i n  in the <100) d i rec t ion  
in f e r r i t e  and negl ig ib le  s t r a in  in other  d i rec t ions .  As -  
suming  a constant  pa r t i a l  molal  volume,  V N , and us ing 
the s t r e s s  field of a [011] mixed dis locat ion in a bcc 

la t t ice  with B u r g e r s  vec tor  (a/2)~111]. the r e v e r s i b l e  
n i t rogen  concent ra t ion ,  c N in n i t rogen  a tom per  i ron 
a tom,  is given by 

2~ r~ 
1 f f (CN[100] + CN[010 ] CN = 7rl "2 o o 

+ CN[OO1])v'drdO 

the t e r m s  in the in tegrand  r e f e r r i n g  to the va r ious  
{100) d i rec t ions ,  and in which 

[1] 

c N [010] = 

[001]  = 

- 2 A N  1 (c~/3)  exp ~ sin 6 (2 + c o s  26 

- 2 A N  )l 
1 + (c~/3)  exp ~" s in  ~ (2 + c o s 2 a  

A N 
(c~/3)  exp - - [ s i n  6 (cos 2a - 2u) + 242-(1 - u) cos 8] 

1 + (c~/3)  exp ~-~[s in  ~ (cos 20 -- 2~) + 2~--(1 -- u) cos 0] 

(c~/3)  exp A N  [sin ~ (cos 2 8 - - 2 v ) - - 2 ~ - ( 1  --u)  cos el ~z 

AN 
1 + (cN/3) exp--~--- [sin 0 (cos 2 8 - - 2 u ) -  242-(1 - - p ) c o s  ~] 

[2] 

where  

GbV N 

AN -= 4~ 4-3 (1 - u) RT N 

and 2rz is  the mean  d is tance  between d is loca t ions ,  r 
and e a r e  cy l indr ica l  coord ina tes  the axis  of which 

o is  conta ins  the d is locat ion  with e = 0 along [100], c N 
the n o r m a l  la t t ice  solubi l i ty  at ac t iv i ty  aN, G and 
a r e  the shea r  modulus  and the Po isson  ra t io  of the 
la t t ice ,  b the magni tude  of the Burge r s  vec tor  = 
• a /2 ,  a being the la t t ice  p a r a m e t e r ,  R is the gas con-  
s tant ,  and T N is  the t e m p e r a t u r e  at which the i s o t h e r m  
was de te rmined ,  773 K in this  work. F r o m  f o r m e r  
work, z a N and c~ a r e  re la ted  at 773 K by a N = 140c~, 
and the ac t iv i ty  is re la ted  to the p r e s s u r e s  of ammonia  
and hydrogen accord ing  to a N = PNHs/P~I2, a tm -i/2. A 
m e r i t  of the Li-Chou ana lys i s  is  that the use  of the 
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Fig. 5--Hydrogen absorption isotherms at 24.5~ for alloy 5 
with two different amounts of presorbed nitrogen designated 

letters that refer to Fig. 1; gg H/g Fe in alloy vs log fH~' by 
atm. 

Fermi-Dirac statistics eliminates the mathematical 
difficulty of infinite stress at ~" = 0 and also the need 
for an empirical or ad hoc energy of interaction of 
solute at the dislocation core. Consequently, only one 
adjustable parameter, rl, remains for fitting the data. 
The dis locat ion densi ty ,  p, is re la ted  to r l  by p = (2rl) -2. 

These  equat ions have been solved by computer  for 
va r ious  va lues  of r l  us ing G = 7.95 • 10 n dyne per  sq 
cm, and VN = 5.90 cu cm pe r  mol ,  u = 0.3. The r e su l t s  
a r e  shown in Fig.  10, along with the exper imenta l  
cu rves .  We note that there  is a va r ie ty  of goodness of 
a g r e e me n t  between the cou r se s  of the exper imen ta l  
cu rves  and the course  of the theore t i ca l  cu rves .  The 
bes t  a g r e e me n t  is that shown by alloy 5, which follows 
the theore t ica l  curve  for ~1 = 3 lb .  It is  perhaps  s ign i f i -  
cant that this  al loy underwent  the most  d ras t i c  hydro-  
gen reduct ion t r e a t m e n t ,  and that the a l loy for which Li 
and Chou ia found excel lent  concordance  with theory also 
had undergone  s eve re  hydrogen reduct ion .  In genera l  

o 
the re  is  be t t e r  a g r e e me n t  at the higher  range  of c N, 
where  the order  of i nc r ea s ing  n i t rogen  contents  is  that 
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Fig. 6--The variation of hydrogen absorbed at 24.5~ and at 
various hydrogen fugaeities with the amount of presorbed ni- 
trogen for alloy 2, pg H/g Fe in alloy vs pg N/g Fe in alloy. 
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alloys 3 and 4, /~g H/g Fe in alloy vs pg N/g Fe in alloy. 

(6,000 

- J  

.=_ 

:2= 

60 o A I I 
. t  

50 - ( ~  xlO~~ H2 ALLOY 5 

4 0 -  ~ -] 
13~,xrn" H2 

30-  
I 0 ~ .  H 2 

20 -  

I0 - I otto. H 2 ~ D 

0 I [ 
12,000 12,500 13,000 

/LgN/g Fe in ALLOY 
Fig. 8--The variation of hydrogen absorbed at 24.5~C and at 
various hydrogen fugacities with the amount of presorbed ni- 
trogen for alloy 5, ~g H/g Fe in alloy vs pg N/g Fe in alloy. 
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of i n c r e a s i n g  d is locat ion  dens i t i e s  as  expected f rom the 
p r epa ra t i ve  t r e a t m e n t s .  

If we a s s u m e  for the moment  that the ag r eem e n t  be -  
tween the expe r imen ta l  i so the rm for al loy 5 and theory  
is  meaningful ,  we mus t  t ry  to unde r s t and  the devia t ions  
f rom the model  of the data in the low-ac t iv i ty  range  for 
the other a l loys .  F r o m  this  point of view, the amount  
of n i t rogen  taken up by d i s loca t ions  at low ac t iv i t i e s ,  
and consequent ly  at the h i g h e r - e n e r g y  (r  ~ 0) s i t es  is 
s m a l l e r  than the model  demands .  This  could be unde r -  
stood if the t r e a t m e n t  accorded  to the deviant  a l loys  
were  such as  to cause other  so lu tes  to block the high- 
energy s i t e s ,  or  e lse  somehow d e c r e a s e  the n u m b e r  of 
h igh-ene rgy  s i tes  without des t roy ing  the low-ene rgy  
s i tes .  To evaluate  this  i n t e rp re t a t i on  we cons ider  
a l loys  2, 3, and 5, al l  of which were  ident ica l ly  n i t r o -  
genated but which differ in that al loy 2 was not hydro -  
gen - t r ea t ed ,  3 was hydrogen t r ea ted  at 525~ and 5 
was h y d r o g e n - t r e a t e d  at 600~ We see then that the 
above i n t e rp re t a t i on  demands  that a 525~ reduct ion 
produce  blocking of h igh -ene rgy  s i tes  which a r e  a c -  
cess ib le  at d is loca t ions  in the unreduced  al loy,  but that 
a 600~ reduct ion makes  acces s ib l e  h igh-ene rgy  d i s lo -  
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Fig. 9- -Higher- tempera ture  hvdrogen i so the rms  for alloy 6, 
pg H/g Fe in alloy vs hydrogen gas p r e s s u re  in torr .  (a) Alloy 
6 at state given by point A of Fig. 1. (b) Alloy 6 at state given 
by point B of Fig. 1. 

cation s i tes  which a re  blocked in the unreduced  al loy.  
We cannot conceive of any physica l  p r o c e s s  that may 
reasonab ly  be expected to accompany a hydrogen r e -  
duction that will  produce these  confl ict ing demands .  

We now examine  the con t r a ry  a s sumpt ion  that the 
a g r e e m e n t  between the data for al loy 5 and the p r e d i c -  
t ions  of the model  is  only for tu i tous ,  and that there  a r e  
s i tes  for taking up n i t rogen in excess  of the n o r m a l  
la t t ice  solubi l i ty  other  than at d i s loca t ions ,  and that 
such s i t e s  a r e  cont r ibut ing  at low ac t iv i t i e s  to the i so -  
t he rm of al loy 5. We a r e  led to explore this  poss ib i l i ty  
by the knowledge of the adsorpt ion  of n i t rogen  at the 
A1N-fer r i te  in te r face .  This  adsorpt ion ,  which occur s  
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during the or ig ina l  n i t rogena t ion  of the al loy,  we have 
t e r m e d  ~ i r r e v e r s i b l e  s ince the adsorbed  n i t rogen  r e -  
ma ins  through a 500~ hydrogen reduct ion ,  though it 
can undergo isotope exchange. Never the less ,  the 
p re sen t  work shows that the reduct ion t r e a t m e n t  does 
dec rease  the n i t rogen  held at a N = 0 f rom 14.4 mg N 
pe r  g Fe for al loy 2 (see extrapolated i so the rm in Fig.  
1) to 13.5 for  a l loy 3 a f te r  the 525~ hydrogen t r e a t -  
ment ,  and to 12.3 for al loy 5 a f te r  the 600~ hydrogen 
t r ea tmen t .*  This  behavior  is  cons is ten t  with the c o a t s -  

*Indeed, later experiments have shown that the nitrogen adsorbed on AlN-fer- 
rite interface during the original nitrogenation can be extensively removed by pro- 
longed hydrogen reduction at 650~ and that subsequently large quantities of ni- 
trogen can be reversibly adsorbed at 575~ Nevertheless, we will retain the word 
"irreversible" to designate the nitrogen adsorbed at the A1N-ferrite interface dur- 
hag the original nitrogenation. 

ening of the A1N pa r t i c l e s ,  and the accompanying  loss  
of in te r rac ia l  a r ea ,  that may be expected to occur  at 
high t e m p e r a t u r e s .  But we note a lso  that the 600~ 
reduct ion t r e a t m e n t  causes  al loy 5 to have a cons id-  
e rably  l a r g e r  capacity for excess  hydrogen,  Fig.  5, 
than have the other  a l loys .  Hence, we suggest  that the 
h i g h e r - t e m p e r a t u r e  hydrogen t r e a t m e n t  p e r m i t s  not 
only a d iminut ion  in a r e a  of the a s -p roduced  A1N-ferr i te  
in te r face ,  but a lso  a r e a r r a n g e m e n t  of a f rac t ion of that 
a r ea  to produce  a l o w e r - e n e r g y  in te r face  that can sub-  
sequent ly  adso rb  n i t rogen  (and hydrogen) but at r e -  
duced in te rac t ion  energ ies .  Hence this  n i t rogen con-  
t r i bu te s  to the r e v e r s i b l e  i so the rm.  

In this  view, the exper imenta l  i s o t h e r m s  of a l loys  2 
and 3 exhibit p r i m a r i l y  the r e v e r s i b l e  adsorpt ion  of 
n i t rogen upon d is loca t ions ,  whereas  al loy 5 has some 
contr ibut ion f rom r e v e r s i b l e  adsorp t ion  at a modified 
in te r face .  It r e m a i n s  then to explain the negat ive  devi -  
at ion of the exper imen ta l  i s o t h e r m s ,  other than that of 
al loy 5, f rom the model employed.  

In this  connect ion it is  impor tan t  to point out that the 
model  p red ic t s  very  la rge  solute concen t ra t ions  at the 
dis locat ion core ,  so that the m a j o r  contr ibut ion to the 
amount  of n i t rogen  assoc ia ted  with one dis locat ion 
a r i s e s  f rom the core region.  In this  region we can 
reasonably  expect that the space between i ron a toms  
at which n i t rogen  a toms can be accommodated  is l a r g e r  
than in good la t t ice  far  f rom a dis locat ion.  Conse-  
quently,  VN/No,* which is the volume i n c r e a s e  of the 

*No = Avogadro's number. 

body as  a whole consequent  to in t roducing one atom of 
n i t rogen  mus t  be s m a l l e r  at the dis locat ion core than 
in the r e s t  of the la t t ice .  In addit ion,  a consequence of 
a l a rge  i n t e r s t i t i a l  solute concent ra t ion  in a given r e -  
gion of a la t t ice  i~ that a s t i l l  vacant  i n t e r s t i t i a l  s i te  
is  made l a r g e r  than it would be in an in i t ia l ly  so lu te -  
f ree  region,  so th:,t VN/No for the next solute atom to 
be in t roduced will  be s m a l l e r  than n o r m a l .  

For  these  reasc  ~s then, a r igorous  appl icat ion of the 
t h e r m o d y n a m i c s  o ! s t r e s s e d  bodies  demands  knowledge 
of V N as  a function of posi t ion about s t r u c t u r a l  s ingu-  
l a r i t i e s  as  well  as of local solute concent ra t ion .*  

*The question of the stress relaxation produced by the solute atom is another 
question still, that is not considered in the thermodynamic theory. 2 This point is 
being currently considered by N.P. Louat formerly of this Laboratory, who finds 
that considerable stress relaxation occurs near a dislocation core, leading to a 
smaller concentration of solute than predicted by the first-order thermodynamic 
theory) Probably this effect can also be subsumed by using a smaller-than-normal 
partial molal volume, 

Lacking such knowledge, we may a r b i t r a r i l y  ass ign  a 

pa r t i a l  mola l  volume /3~  (/3 < 1) to n i t rogen  occupying 
s i tes  at d i s tances  ~" -< a b  where  ~ - 1, le t t ing the n o r -  
mal  pa r t i a l  m o l a r  volume ( i . e . ,  ~ = 1) apply for r > ~b .  
Eqs.  [1] and [2] were  modified to cons ider  the two 
va lues  of pa r t i a l  mola l  volume of n i t rogen  in the two 
ranges  of r .  Clear ly ,  this  change p roduces  a t h r e e -  
p a r a m e t e r  model (r~, ~ ,  /3) and it does not seem wor th-  
while to adjust  these  back and forth unt i l  bes t  fit with 
expe r imen t  is  obtained.  Keeping in mind  that our  p u r -  
poses  a r e  to a s c e r t a i n  whether  or  not a two-pa r t i a l  
molal  volume model  gives qual i ta t ive ly  be t t e r  fit than 
the or ig ina l  model ,  and to use  the va lues  of r~, ~ ,  and 
/3 that r easonab ly  desc r ibe  the n i t rogen  data to de- 
s c r i b e  the hydrogen absorp t ion  data,  we solved the 
equat ions only for the cases /3  = 0.5, a = 1 and/3 = 0.4, 

= 0.7. Both ca lcula t ions  show be t te r  fit to the i so-  
t h e r m s  for  a l loys  2, 3, and 4 than that shown in Fig.  
10 for the one-~V model ,  the /3 = 0.4, a = 0.7 choice 
yie lding the be t t e r  fit of the two and being shown in 
Fig.  11. The bes t  fit va lues  of rx obtained r e p r e s e n t  
ve ry  l a rge  d is locat ion  dens i t i e s ;  for example,  r~ = 30b 
is equivalent  to p = 5 • 10 u cm -2. E lec t ron  m i c r o -  
scopic observa t ion  of these  spec imens  shows that this  
magni tude  of d is locat ion  densi ty  is r easonab le  but a 
m o r e  quant i ta t ive  compar i son  is p rec luded  by the l a rge  
dens i ty ,  at which quant i ta t ive  counting is  nea r ly  i m -  
poss ib le .  

The only conclusion that can be drawn f rom this  
exe rc i se  is  that the r e su l t s  a r e  cons is ten t  with the 
phys ica l ly  reasonab le  idea of a s m a l l e r  concent ra t ion  
of solute  at the dis locat ion core,  than na ive ly  expected, 
because  of the s m a l l e r  V the re .  However,  the re  s t i l l  
r ema in  negat ive  devia t ions  of the data f rom the two- 
model  at low ac t iv i t i e s  for a l loys  2, 3, and 4, the m a g -  
n i tudes  of which depend somehow on the a l loy p r e p a r a -  
t ion.  Of probably  g r e a t e r  impor t ance  to explain these  
d i s c r e pa nc i e s  than def ic ienc ies  of the model  is  the 
poss ib i l i ty  of a sma l l  cont r ibut ion  f rom r e v e r s i b l e  ad-  
sorpt ion at the unmodif ied A1N-fer r i te  in te r face .  To 
avoid such exper imenta l  compl ica t ions  one would have 
to produce in a meta l  a ve ry  l a rge  dis locat ion densi ty  
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Fig. 10--Nitrogen isotherms calculated from the one-partial 
molaI volume model for various assumed values of r t, the 
mean dislocation spacing. The experimental curves of ab- 
sorption of reversible nitrogen are superimposed, c~q is the 
normal lattice solubility of nitrogen at 500~ in equilibrium 
with the nitrogen activity in the gas phase. Units of concen- 
trations are atom ratio N/Fe. 
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without the  concomi tan t  p r e s e n c e  of e i t he r  void  s u r f a c e s  
o r  s o l i d - s o l i d  i n t e r f a c e s .  

B) The Hydrogen  I s o t h e r m s  

Inspec t ion  of F igs .  3 to 8 shows that  these  n i t r o -  
gena ted  a l l o y s  can a b s o r b  hydrogen  r e v e r s i b l y  at  r o o m  
t e m p e r a t u r e ,  the  amount  i n c r e a s i n g  with i n c r e a s i n g  
hydrogen  gas  fugaci ty  and d e c r e a s i n g  with i n c r e a s i n g  
amount  of p r e a b s o r b e d  n i t rogen .  We s e e  a l so  that  for  
a l l oys  2, 3, and 4 the o r d e r  of i n c r e a s i n g  amount  of 
hydrogen  a b s o r b e d  i s  a l so  the o r d e r  of i n c r e a s i n g  
amount  of n i t rogen  a b s o r b e d ,  and that  the s l opes  of the 
c u r v e s ,  F i g s .  6 and 7, of amount  of hydrogen  vs  amount  
of n i t rogen  a r e  about  the s a m e  at  a given hydrogen  fuga-  
c i t y .  On the o ther  hand a l loy  5, for  which we had to 
pos tu l a t e  a mod i f i ed  i n t e r f ace  ava i l ab l e  for  r e v e r s i b l e  
a d s o r p t i o n  of n i t rogen ,  exhib i t s  a much l a r g e r  s lope ,  
F ig .  8, for  the  r e p l a c e m e n t  of n i t rogen  by hydrogen .  
This  is  c o n s i s t e n t  with the p o s s i b i l i t y  that  hydrogen  
can a d s o r b  at  i n t e r f a c e  s i t e s  vaca t ed  by r e v e r s i b l e  
n i t rogen .  M o r e o v e r , t h e  r e s u l t  shown in F ig .  8 for  the  
hydrogen  fugaci ty  of 2 • 104 a tm is  cons i s t en t  with the 
a b s e n c e  of a p p r e c i a b l e  void volume that  was  ind ica t ed  
by the dens i ty  m e a s u r e m e n t s ,  s ince  if t h e r e  w e r e  a p -  
p r e c i a b l e  void vo lume,  p r e s o r b i n g  of n i t rogen  could  not 
have ex t inguished  to such a m a r k e d  d e g r e e  the  c a p a c i t y  
of the void  vo lume for a b s o r b i n g  m o l e c u l a r  hydrogen .  

In o r d e r  to e s t i m a t e  how much of the  o b s e r v e d  a b -  
so rp t ion  of hydrogen  i s  due to d i s l oca t i ons  and how 
much to i n t e r f a c e s  it is  n e c e s s a r y  to make  ca l c u l a t i ons  
b a s e d  upon the L i -Chou  a n a l y s i s  for  the abso rp t i on  of 
i n t e r s t i t i a l  so lu te s  about  d i s l oca t i ons ,  but modi f ied  by 
the a s sumpt ion  that  hydrogen  can occupy only i n t e r -  
s t i t i a l  s i t e s  that  a r e  not a l r e a d y  occupied  by n i t rogen .  
This  mode l  l e a d s  to the fol lowing equat ions :  

c H - _ _  
1 2~[-c~b 

l ~, [a] 

+ ~s (ch[lOO] + c~t[OXO] + c~t[OOl])rdr]dO J 

in which 

c~ Boo] = 

ch [010] 

ci[ I [001 ] = 

(c~t/35expI--~-~H71(051 

(c~i/35 exp [_ -7-2A~t f1(01 
1 +  ! 

1 - c N [100] 

(c~ exp [A~r /2(O) ] 

1 + 1 - CN[010 ] 

1 + 
(C~ f3(O) ] 

1 - c ~ [ 0 0 1 ]  

with a c o r r e s p o n d i n g  se t  of equat ions  for  the t h r e e  c~ 
t e r m s  in which a p p e a r  A~t in p l a c e  of A~t and c~ in 
p l a c e  of ch .  The CN'S a r e  given by the s a m e  e x p r e s -  
s ions  used  in Eq. [1] for  the  t w o - V  mode l .  F o r  the 
sake  of c o m p l e t e n e s s  we w r i t e  them h e r e :  

[4] 

A'  2A~_~_~ ~0~ 
( c ~ / 3 )  exp - r j l ,  J3 

c~ [100]  = 
1 + ( c N / 3 l  e xp  - A(Ol  

(c~,/3) exp f2(0) 

o B- ,I 1 + (CN/3) exp f2(0 

( c~ /3 )  exp 73(0 

CN[001] : 1 + (C~/35 exp [~-~ --'N-N f3(05] 

with a c o r r e s p o n d i n g  set  of equat ions  for  the t h ree  c~ 
t e r m s  in which a p p e a r  A'f~ N in p l a c e  of A N. In addi t ion ,  

Gb VH A~ I : Gb# VH 
AN = 4n(-3(1 - vSRT H ; 4n(3-(1  - vSRT H 

GbVN ; A" = Gb3VN 
A~ = 4~r~-3- (I - v)RT N N 4~vz3 (i -- v)RT N 

[5] 

The f(0) a r e  the angu la r  funct ions for  the s t r e s s  f i e lds  
of the mixed  d i s loca t ion  d e s c r i b e d  in an e a r l i e r  sec t ion  
and a r e  given by 

fl(0) = sin 0(2 + cos  20) 

f2(0) = sin 0(cos 20 - 2v5 + 2 ~ - ( 1  - v5 cos  0 

f3(0) = sin 0(cos 20 - 2 u )  - 2v~-(1 - u )  cos  0 

_ Eq. [3] was so lved  by c o m p u t e r  for  T H = 297.6 K, 
VH = 2.0 cm3/mol.  8'9 The n o r m a l  l a t t i c e  so lub i l i ty ,  c~ ,  
of hydrogen  is  r e l a t e d  to the hydrogen  fugaci ty ,  7H2, 
a c c o r d i n g  to ~~ 

c~ = 2 . 3 6 f ~  exp ( - 6 5 0 0 / R T ) ,  a tom H / a t o m  F e  [6] 

The solut ion was  c a r r i e d  out fo r  each of two mode l s ,  
the o n e - V  mode l  (~ = /3 = 1) and the t w o - V  mode l  (ot 
= 0.7, # = 0.45, in each ca se  us ing the va lue  of ~ de -  
ve loped  f rom the b e s t  fi t  to the e x p e r i m e n t a l  n i t rogen  
i s o t h e r m s  of the  r e l evan t  ca l cu l a t ed  curve .  Thus ,  
t h e r e  a r e  no a d ju s t a b l e  p a r a m e t e r s  in the ca lcu la t ion  
of the hydrogen  i s o t h e r m s  f rom the mode l ,  s ince  the  
p a r a m e t e r s  employed  a r e  those  deve loped  f rom the 
n i t rogen  data .  It should be noted a l so  that  using the 
s a m e  va lue  of # for  hydrogen  a s  for  n i t rogen  embod ies  
the a s sumpt ion  that  the s a m e  r e l a t i v e  d e c r e a s e  of Vg 
n e a r  the d i s loca t ion  co re  o c c u r s  as  for  V N. 

In F ig .  12 a r e  shown the hydrogen  i s o t h e r m s  for  
a l loy  2 at  z e r o  r e v e r s i b l y  held  n i t rogen  (a S = 05 c a l c u -  
l a ted  f rom the two m o d e l s  and us ing the v a l u e s  of r~ 
deve loped  f rom the n i t rogen  i s o t h e r m s .  Note that  both 
m o d e l s  give a g r e e m e n t  with experi_ment to within a 
f ac to r  of about f ive,  with the one-  V model  y ie ld ing  b e t -  
t e r  a g r e e m e n t .  F o r  a l l oys  3 and 4 a l so  f a i r  a g r e e m e n t ,  
e s p e c i a l l y  with the one-  V model ,  is  found be tween 
t heo ry  and e x p e r i m e n t  for  the amounts  of hydrogen  ab -  
s o r b e d  in the a b s e n c e  of r e v e r s i b l y  held  n i t rogen .  Th is  
may  be seen  in F i g s .  14 and 15 in which the poin ts  a t  
the lowest  to ta l  n i t rogen  content c o r r e s p o n d  to aa r = 0. 
Although a g r e e m e n t  of the ca l cu la t ed  hydrogen  a b s o r p -  
t ions  with e x p e r i m e n t  i s  b e t t e r  with the o n e - V  model ,  
the a g r e e m e n t  be tween the ca l cu la t ed  n i t rogen  i s o -  
t h e r m s  and e xpe r ime n t  i s  w o r s e  for  the one-  V mode l .  
W_e a r e  inc l ined  t h e r e f o r e  to e m p h a s i z e  m o r e  the two-  
V mode l  and to r e g a r d  the g r e a t e r  d i s a g r e e m e n t  in the  
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Fig. ll--Nitrogen isotherms calculated from the two-partial 
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Fig. 12--Experimental hydrogen absorption isotherms at 
24.5~ at zero content of reversible nitrogen compared with 
curves calculated from the one-partial molal volume q~ 1) 
and two-partial molal volume (fi ~ 0.4) models with values of 
r 1 obtained from the corresponding nitrogen isotherms. Con- 

0 centrations are expressed in atom I~atom Fe. c. is the nor- 
mal lattice solubility of hydrogen from Eq. [6]. n 

ca lcu la ted  hydrogen absorp t ions  (at a N = 0) as  s ign i fy -  
ing i n t e r f e r e n c e s  f rom in t e r f ace  adsorp t ion  of hydro -  
gen,  a phenomenon which is  m o r e  p redominan t  in 
a l loy 5. 

We see  in F ig s .  13 to 15 that the c u r v e s ,  ca lcu la ted  
f r o m  the idea that occupancy of an i n t e r s t i t i a l  s i te  by 
n i t rogen  p r e c l u d e s  i ts  occupancy by hydrogen,  drop 
off much m o r e  s teep ly  and r each  lower  l eve l s  of hy-  
drogen than do the expe r imen t a l  c u r v e s .  The idea of 
mutual  exc lus ion  f r o m  one s i te  is  diff icult  to fault ,  but 
it a p p e a r s  r ea sonab le  to suppose that the effect  of mu-  
tual  exc lus ion  is pa r t i a l l y  o v e r c o m e  by an a t t r a c t i v e  
in te rac t ion  be tween the d i s so lved  n i t rogen  and hydro-  
gen a tom.  Such an a t t r ac t ion  might  a r i s e ,  for  example ,  
if the t ens i l e  s t r e s s  f ie ld  into which a hydrogen is  in-  
s e r t e d  adjacent  to a n i t rogen  is  i_ncreased by the n i t r o -  
gen by a l a r g e r  f ac to r  than the V m at that s i te  i s  de-  
c r e a s e d  by the n i t rogen .  

The r e s u l t s  for  a l loy 5, Fig .  8, can be unders tood  

2 0 6 2  V O L U M E  3, A U G U S T  1 9 7 2  

,it 
0 

I I I I ] I I 
I 

4l -- I . . . .  CALCULATED 
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3 -- 

2--  I I ,.....fI-V, r I =24.0b 
I 

I - -  ~ i / 2 -V ,  q = 2 2 . 0 b  

~ ~_ _'_- ~ _ _ _l 1 
57 58 59 60 61 

IO3N/Fe 

1 1 _ _  
62 63 64 

20 ] I I I I I 
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4 - -  x \ x f  2 - V , r  I = 2 2 , 0 b  
% j .  
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Fig. 13--ExperimentaI hydrogen absorption at 24.5~ as a 
function of total nitrogen content for alloy 2, compared with 
curves calculated from models with parameters developed 
from the nitrogen isotherms, The concentrations are ex- 
pressed in atom ratios. (a) Hydrogen fugacity = 1 arm. 
(b) Hydrogen fugacity = 2 x 10 ~ atm. 
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qua l i t a t ive ly  in t e r m s  of the l o w e r - e n e r g y  A1N-fe r r i t e  
i n t e r f ace  that was i n f e r r e d  f rom the n i t rogen  i s o t h e r m  
for  th is  a l loy .  Jus t  a s  th is  in te r face ,  taken to have 
been produced  by the 600~ hydrogen t r e a t m e n t ,  can 
r e v e r s i b l y  adsorb  n i t rogen at 500~ it can a l so  r e v e r -  
s ibly adsorb  hydrogen at 24.5~ but only at s i t e s  not 
p r e e m p t e d  by p r e a d s o r b e d  n i t rogen .  Fig .  8 then shows 
the blocking by n i t rogen of su r f ace  s i t e s  aga ins t  being 
f i l l ed  by hydrogen,  the contr ibut ion f rom the d i s l oca -  
t ions  being l e s s  impor tan t .  

H i g h - t e m p e r a t u r e  absorp t ion  i s o t h e r m s  for  hydrogen 
a r e  shown in Fig.  9 for  a l loy 6. A heat  of absorp t ion ,  
r e l a t i v e  to the gas  phase ,  of about -25 kcal  p e r  mole  H2 
can be e s t ima ted  f rom these  data,  and it i s  app rox -  
im a t e ly  i n sens i t i ve  to the p r e s e n c e  or  absence  of p r e -  
adso rbed  r e v e r s i b l e  n i t rogen .  The magni tude of the 
energy  makes  it c l e a r  that this  absorp t ion  cannot be 
r e l a t ed  to d i s loca t ions ,  but must  r e l a t e  to adsorp t ion  
at the A1N- fe r r i t e  in t e r f ace .  It is ve ry  diff icul t ,  how- 
eve r ,  to judge the r e l e v a n c e  of this  r e su l t  to the r o o m -  
t e m p e r a t u r e  adsorp t ion  of hydrogen,  s ince  k ine t ic  f a c -  
t o r s  may  impede the adsorp t ion  o b s e r v e d  at high 
t e m p e r a t u r e  f r o m  proceed ing  at the lower  t e m p e r a t u r e .  
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3, compared with curves  calculated f rom models with pa ram-  
e t e r s  developed f rom the ni t rogen i so therms .  The coneent ra-  
lions are exp re s sed  in atom rat ios.  
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CONCLUSIONS 

D i f f e r e n t  n i t r o g e n a t i o n  c o n d i t i o n s  a n d / o r  d i f f e r e n t  
c o n d i t i o n s  f o r  s u b s e q u e n t  h y d r o g e n  t r e a t m e n t  can  p r o -  
duce  no t  only  d i f f e r e n t  a v e r a g e  d i s l o c a t i o n  d e n s i t i e s  

a n d  d i f f e r e n t  e x t e n t s  of A 1 N - f e r r i t e  i n t e r f a c e  a t  w h i c h  
n i t r o g e n  i s  i r r e v e r s i b l y  a d s o r b e d  but  a l s o  a m o d i f i e d  
i n t e r f a c e  a t  w h i c h  n i t r o g e n  i s  r e v e r s i b l y  a d s o r b e d .  In 
t h e  c a s e s  w h e r e  t h e  ex t en t  of m o d i f i e d  i n t e r f a c e  is  
n e g l i g i b l e ,  a t w o - V  m o d e l  f o r  d i s l o c a t i o n - s o l u t e  i n t e r -  
a c t i o n ,  d e r i v e d  f r o m  the  t h e r m o d y n a m i c s  of s t r e s s e d  
b o d i e s ,  a d e q u a t e l y  d e s c r i b e s  t h e  e x p e r i m e n t a l  n i t r o -  
gen  i s o t h e r m s  a n d  wi th  t he  s a m e  p a r a m e t e r s  a l s o  
r o u g h l y  d e s c r i b e s  t he  h y d r o g e n  i s o t h e r m s  in t he  a b -  
s e n c e  of p r e a d s o r b e d ,  r e v e r s i b l e  n i t r o g e n .  F o r  s u c h  
c a s e s ,  h o w e v e r ,  t h e  m u t u a l - e x c l u s i o n  m o d e l  f a i l s  to  
d e s c r i b e  the  e x p e r i m e n t a l l y  o b s e r v e d  d e c r e a s e  of h y -  
d r o g e n  a b s o r p t i o n  at  d i s I o c a t i o n s  a s  t h e  a m o u n t  of p r e -  
a d s o r b e d  n i t r o g e n  i s  i n c r e a s e d .  T h i s  f a i l u r e  is  
a s c r i b e d  to t he  e x i s t e n c e  of a t t r a c t i v e  i n t e r a c t i o n s  
b e t w e e n  n i t r o g e n  a n d  h y d r o g e n  w h i c h  w e r e  no t  c o n s i d -  
e r e d  by t h e  m o d e l ,  t hough  i t  m a y  be  due  to  o t h e r  
c a u s e s .  T h e  m o d i f i e d  A 1 N - f e r r i t e  i n t e r n e e  can  r e -  
v e r s i b l y  (at 500~ a d s o r b  n i t r o g e n  and  can r e v e r s i b l y  
(at 24.5~ a d s o r b  h y d r o g e n  at  s i t e s  not  o c c u p i e d  by  
n i t r o g e n ,  w h e r e a s  t he  " u n m o d i f i e d "  i n t e r f a c e  d o e s  no t  
do so  to  an a p p r e c i a b l e  e x t e n t .  T h e s e  r e s u l t s  s u g g e s t  
c o m p l e x i t y  in t h e  b e h a v i o r  of i n t e r n a l  i n t e r f a c e s  w i th  
r e s p e c t  to  t r a p p i n g  of h y d r o g e n ,  r e i e v a n t  to  t he  i n t e r -  
p r e t a t i o n  of the  d i f f u s i o n  and  s o l u b i l i t y  of h y d r o g e n  in 
s t e e l s . n  

A C K N O W L E D G M E N T  

The  e x p e r i m e n t a l  w o r k  of t h i s  i n v e s t i g a t i o n  w a s  c a r -  
r i e d  out by  R. M.  L y t l e  and  F .  N. D a v i s .  We a r e  g r a t e -  
ful to  B. E.  Sundqu i s t  f o r  c a r r y i n g  out t h e  c o m p u t e r  
s o l u t i o n s  of t he  e q u a t i o n s .  
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