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M a g n e t i z a t i o n - p r e s s u r e  i s o t h e r m s  a r e  m e a s u r e d  for  hyd rogen  and su l fur  d ioxide  on s m a l l  
i r o n  p a r t i c l e s .  The  hydrogen  i s o t h e r m s  a r e  shown to r e l a t e  d i r e c t l y  to hydrogen  uptake 
and obey the Temkin  i s o t h e r m .  The bonding of hydrogen  to i r on  s u r f a c e s  at  d i f fe ren t  t em-  
p e r a t u r e s  is  d e t e r m i n e d  f r o m  the da ta  and r e l a t e d  to  o ther  work.  Th is  conc lus ion  is  that  
the bond type of hydrogen  on i ron  changes  a s  a function of t e m p e r a t u r e .  The  f o r m a t i o n  of 
two hydrogen  s p e c i e s  on i r on  and at  de fec t s  in the i ron  l a t t i ce  is  r e l a t e d  to anomolous  hy- 
d r o g e n  di f fus ion in i r on  and to hydrogen  e m b r i t t l e m e n t .  The  r e a c t i o n s  of SO2 and hydrogen  
on an i r o n  s u r f a c e  a r e  shown to exp la in  the  inhibi t ing  ef fect  SO2 has  an hydrogen  e m b r i t -  
t l emen t .  

IT i s  we l l  known ~'2~ that  hydrogen  a f fec t s  the  m e c h a n i -  
ca l  p r o p e r t i e s  of many s t e e l s .  Changes  in duc t i l i ty ,  
and c r a c k  growth  r a t e s  f r o m  the i r  va lues  in a i r  to 
lower  va lue s  in the p r e s e n c e  of hydrogen  a r e  wel l  do-  
cumented .  The  hydrogen  may  be p r e s e n t  as  a r e s u l t  
of charg ing  ( in te rna l  hydrogen  e m b r i t t l e m e n t )  or  as  a 
r e s u l t  of hydrogen  gas  in the  env i ronmen t  ( ex te rna l  
o r  e n v i r o n m e n t a l  hydrogen  e m b r i t t l e m e n t ) .  P r e v i o u s  
s tud ies  of the effect  of low p r e s s u r e  He gas ( -  1 a im)  
on 4340, ~'2 4130, 2 and 4335 V 4,5 s t e e l s  d e m o n s t r a t e  that  
a d s o r p t i o n  and subsequent  s u r f a c e  r e a c t i o n s  a r e  ex -  
t r e m e l y  c r u c i a l  s t e p s  in the  hydrogen  e m b r i t t l e m e n t  
p r o c e s s .  Th i s  b e c o m e s  m o r e  obvious when the e f fec t s  
of  the g a s e s  such  as  SOs o r  H2S a r e  c o n s i d e r e d .  T h e s e  
g a s e s  have been  shown 1'2 to inhib i t  o r  p r o m o t e  h y d r o -  
gen e m b r i t t l e m e n t ,  r e s p e c t i v e l y .  S r i k r i s h n a n  ~ has 
shown that  He adso rp t i on  on F e  fo i l s  was comple t e ly  
inhibi ted  if the s a m p l e  had p r i o r  e x p o s u r e  to SO2 and 
that  H2S d e s t r o y e d  that  inh ib i t ing  ab i l i ty .  These  r e -  
su l t s  a r e  in comple t e  a c c o r d  with e m b r i t t l e m e n t  
f indings ~,2 and indeed help to expla in  them.  T h e r e f o r e ,  
a g r e a t e r  knowledge of the bonding of H2 and o the r  
g a s e s  to the  s u r f a c e  of F e  would be of g r e a t  va lue .  

One method to s tudy bonding on s u r f a c e s  of f e r r o -  
magne t i c  s u b s t a n c e s  i s  to m e a s u r e  the  change of m a g -  
ne t i za t ion  with  a d s o r p t i o n .  Under  the r i gh t  condi t ions  
th i s  can shed  l ight  on the  type  of bonding  be tween  
a d s o r b a t e  and adso rben t .  Selwood 7 has  deve loped  a 
low f ie ld  a .c .  method to s tudy the ef fec t  of the a d s o r p -  
t ion of v a r i o u s  g a s e s  on f e r r o m a g n e t i c  m a t e r i a l s .  A 
co l l ec t ion  of s m a l l  d i a m e t e r  p a r t i c l e s  of any f e r r o -  
magne t ic  m a t e r i a l  wi l l  ac t  s u p e r p a r a m a g n e t i c a l l y  and 
can be t r e a t e d  in t e r m s  of s i m p l e  Langevin  equa t ions  
(which can of ten be l i n e a r i z e d ) .  In  th is  way Selwood 
was able  to t r e a t  the  bonding of an a d s o r b a t e  on a f e r -  
r o m a g n e t i c  m a t e r i a l  in a s i m p l e  m a n n e r .  The  change 
m e a s u r e d  in  the magne t i z a t i on  e x p e r i m e n t s  was taken  
to be  due s o l e l y  to the e f fec t  of bonding on the magne t i c  
moment (s )  of the a tom(s ) .  Selwood went  so  f a r  a s  to 
def ine  the  bond number  of an a d s o r b a t e  on a p a r t i c u l a r  
adso rben t .  Th is  is  the number  of Bohr  magne tons  by 
which the magne t i c  moment  of an  a d s o r b e n t  changes  
due to i t s  bond f o r m a t i o n  with the a d s o r b a t e .  
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Mos t  i n v e s t i g a t o r s  have c o n c e n t r a t e d  on Ni,  Ni a l -  
loys  and o c c a s i o n a l l y  Co. However ,  some  work  has 
been  done on F e ,  Sa tu ra t ion  magne t i za t ion  changes  r e -  
su l t ing  f rom a dso rp t i on  of H2 at  t e m p e r a t u r e s  in the 
v ic in i ty  of 373 K show that  the bond number  for  H2 on 
F e  is  pos i t ive  and s m a l l ,  a'9 Ar tyukh ,  e t  a l  1~ have done 
a low f ie ld  a .c .  m e a s u r e m e n t  of Hz on Fe  by s i m p l y  
examin ing  ab rup t  changes  in magne t i za t ion  due to the 
in j ec t ion  of 26 to 39 kPa  of H2 o v e r  the  F e  s a m p l e  at  
d i f f e ren t  t e m p e r a t u r e s .  T h e i r  f indings  aga in  showed 
tha t  changes  in ma gne t i z a t i on  a r e  s m a l l ,  the l a r g e s t  
be ing  +6 pct .  They  a l s o  found that  ma gne t i z a t i on  in-  
c r e a s e s  occu r  a t  m o d e r a t e l y  e l e v a t e d  t e m p e r a t u r e s  
(~373 to 573 K). However ,  t he i r  low t e m p e r a t u r e  
s tud i e s  showed that  jus t  below r o o m  t e m p e r a t u r e  the 
H2 a d s o r p t i o n  d e c r e a s e d  the magne t i za t ion .  Sl ight ly  
above r o o m  t e m p e r a t u r e  no change was o b s e r v a b l e ,  

We r e p o r t  h e r e  on a s i m i l a r  low f ie ld  a .c .  magne t i c  
s tudy of H2 and SO2 on fine F e  p a r t i c l e s  suppor t ed  on 
A120~. Our  work  was done at  77 ,373 ,  448, and 498 K. 
Since  changes  could be de t ec t ed  on the o r d e r  of ~:0.05 
pc t  of the magne t i za t ion ,  we r e p o r t  ful l  p r e s s u r e - m a g -  
ne t i za t ion  i s o t h e r m s  f r o m  65 P a  to >53 k P a  fo r  H2 and 
65 P a  to 2.6 k P a  fo r  SOs. 

EXPERIMENTAL 

A, The A p p a r a t u s  

F i g u r e  1 shows a s c h e m a t i c  of the e x p e r i m e n t a l  a p -  
p a r a t u s .  The p r i m a r y  magnet  cons i s t ed  of a 6 cm d i -  
a m e t e r  a l umina  tube on which we re  wound 3140 tu rns  
(at 710 t u r n s / c m )  of 1 mm d i a m  e n a m e l e d  Cu wi re .  
The  p r i m a r y  was run  at  1 A c u r r e n t  at  60 Hz.  This  
p rov ided  the a .c .  magne t i c  f ie ld .  The  s e c o n d a r i e s  
we re  p l aced  within the  p r i m a r y ,  p a r a l l e l  to i t s  ax i s .  
T h e s e  w e r e  wound with 500 t u r n s  each  of e n a m e l e d  
Cu wi r e  0.015 cm in d i a m .  The  s e c o n d a r i e s  we re  
wound in oppos i t ion  and could be moved  with r e s p e c t  
to  each  o the r  and the p r i m a r y  to c r u d e l y  b r i n g  t h e i r  
to ta l  emf  to z e r o ,  F u r t h e r  z e r o i n g  was done e l e c -  
t r o n i c a l l y  with ampl i tude  and phase  con t ro l s .  These  
con t ro l s  cons i s t ed  of a v a r i a b l e  vol tage  d iv ide r  and a 
v a r i a b l e  RC c i r cu i t ,  both in p a r a l l e l  with one of the 
s e c o n d a r i e s .  The s igna l  was fu r t he r  p r o c e s s e d  by a 
60 cyc le  b a n d - p a s s  f i l t e r - a m p l i f i e r  which p a s s e d  only 
60 Hz s igna l s  and had a gain  of 10. A f t e r  f i l t e r i ng ,  
the s igna l  was mon i to r ed  on an  o s c i l l o s c o p e  as  we l l  
a s  m e a s u r e d  with  an a . c .  d i g i t a l  m i l l i v o l t m e t e r .  The  
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Fig. 1--Schematic of adsorption-magnetization apparatus. 

results  of a run were displayed permanently on a chart 
recorder  which was driven by the analog output of the 
millivoltmeter.  

Temperature was controlled by one of two methods. 
High temperatures  were achieved by a sleeve furnace 
which fit inside the sample secondary. This was 
powered by a well regnlated d.c. power supply so as 
to eliminate any induced emf in the sample secondary 
from the furnace windings. The sample then rested 
inside the sleeve furnace. Sample temperature was 
monitored with a chromel alumel thermocouple at-  
tached to the sample tube. Low temperatures were 
achieved by replacing the sleeve furnace with a small  
dewar which fit inside the sample secondary. The sam- 
ple tube was then placed in the dewar and liquid nitro- 
gen was added. 

The sample tube was connected to a gas handling sys -  
tem which could be evacuated to 6.6 • 10 -~ Pa by liquid 
nitrogen trapped oil diffusion pumps. Pirani  and ioni- 
zation gages permitted low and midrange pressure  
measurements.  A mercury  U-tube was used to meas-  
ure pressure  from 65 Pa to 1 arm. The mercury  on the 
vacuum side had a 1 cm layer of Dupont DC 705 dif- 
fusion pump oil. This procedure was used to keep 
contaminating mercury  vapors out of the system. The 
McLeod gage was used only to calibrate the other 
gages and was otherwise kept out of the system. 

Adsorbing gases,  stored in the flasks shown in Fig. 
1, were admitted through a leak valve which could be 
adjusted to leak rates  f rom t00 cc to 10 -l~ cc (STP) 
per s. 

B. The Sample 

The sample used was provided by Harshaw Chemical 
Co. This was Harshaw's  Iron catalyst Fe-031 T 1/8 in. 
which consisted of Fe2Os powder supported on porous 
A1203 cylindrical pellets (0.35 cm in height and 0.35 
cm in diam). Pore volume was 0.31 cc /g  and surface 
area was 41 m2/g. The pellets were 20 pct Fe~O3 by 
weight. Typically, 50 g of pellets was used for a sam~ 
ple. 

The sample was reduced by heating to 863 K, admit-  
ting 1 arm He for 1 h evacuating the system and hold- 
ing the sample at 863 K for 3 h while continually pump- 
ing on it. Typical final p ressures  were ~10 -2 Pa. This 
reduction was modeled after the processes  which 
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others have used. 6'1~ The temperature of 863 K was 
chosen since the free energy for the reduction reaction 
is negative at this temperature.  After a reduction 
cycle the magnetization of the sample was measured. 
The sample was continually put through reduction 
cycles until the magnetization no longer increased. 
Typically, 5 to 6 cycles were used in reducing one 
sample. 

Electron microscopic investigation of a used sam- 
pie ~3 revealed an average particle diam of 15 nm. 
Clustering and sintering of the part icles was par-  
ticularly evident. Individual particle shapes were that 
of regular polyhedra. 

C. Gases Used 

The H2 used was originally 99 pct pure as taken 
from the cylinder. Before storage in the system 
flasks it was purified by permeation through a heated 
palladium-silver membrane. 

The SO2 was used as obtained from Matheson Gas 
Products.  This had a minimum purity of 99.98 pct. 

D. Measurement of Magnetizat ion-Pressure 
Isotherms 

After reduction, the sample was brought to the de- 
s ired temperature.  The emf output of the secondaries 
was amplitude and phase adjusted to zero.  The adsor-  
bate was admitted in small p ressure  increments and 
the change in emf was recorded.  After the last de- 
sired pressure  increase the system was evacuated 
while continuously recording the emf. This last step 
determined whether the adsorption was reversible.  
The sample was cleaned between runs by raising the 
temperature to 773 K for 1 h to desorb any remain-  
ing gas. This high temperature cleaning procedure,  
however, meant that a given sample had a limited life 
for useful magnetization measurements.  The changes 
in magnetization became very small  after several  
cleaning cycles and at this point the sample was dis- 
carded. It was suspected that sintering of the part i-  
cles was responsible for  reduction of the surface area~ 
The electron microscopy work previously mentioned 
supported this suspicion. 

RESULTS 

Figures 2 to 4 show the changes in sample second- 
ary emf (A emf) as a function of pressure  at three dif- 
ferent temperatures;  373, 448, and 498 K. The sample 
was cleaned between each run. Note that the change 
is positive and very sensitive to temperature.  The 
magnetization change decreases  with decreasing tem- 
perature  at a given pressure  of hydrogen, The changes 
in emf were converted to percent changes in magneti- 
zation and these are  shown on the right hand ordinate 
of the figures. The total emf of the sample (i.e. that 
value of voltage by which the secondaries change when 
the sample is inserted) is proportional to the total 
magnetization of the sample. The experimental appara- 
tus did not allow total sample emf to be measured at 
temperatures  other than room temperature.  However, 
since the sample was superparamagnetic Setwood's 7 
linearized equation for magnetization as a function of 
temperature was used to calculate the total emf at 
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Tx become  

100 • A emf (TI) = pct change in magnet izat ion.  [3] 
emf (T1) 

This  procedure  was used for al l  hydrogen and SO2 
runs .  The exper iments  shown in F igs .  2 to 4 were  
done in the order of d e c r e a s i n g  temperature  on the 
s a m e  samp le .  In order to de termine  if s in t er ing  was 
respons ib le  for the d e c r e a s e  in sample  s ignal  with de-  
c r e a s i n g  temperature ,  a fourth run, at 498 K was car-  
r ied out. An i s o t h e r m  (Fig. 5) which is  near ly  identi-  
cal  to the or ig ina l  498 K run (Fig.  2) resu l ted .  Hence,  
the changes  in i s o t h e r m s  can be attributed so l e ly  to 
the t emperature  dependence of the adsorption react ion.  
The sample  saturated with respec t  to A emf near 25 
kPa.  

Figure  6 shows the re su l t s  of H2 adsorption at 77 K. 
An approach to saturation occurred  at much lower 
p r e s s u r e s  than for the higher temperature  runs.  More 
important,  however ,  is  the fact  that the emf changes 
were  negat ive  at this  t emperature .  Desorpt ion  of H2 
occurred  readi ly  at 373 K when the sample  was pumped 
down to 1.5 • 10 -3 Pa. Typica l  t imes  for complete  de-  
sorpt ion were  on the order  of 15 min.  During  that t ime 
the s y s t e m  p r e s s u r e  typical ly  dropped an order of 
magnitude and the sample  A emf returned to zero .  
Desorpt ion  of H2 did not occur at 77 K even after many 
hours of evacuat ion if the adsorption took place  at the 
higher t emperatures .  

The adsorption of SO2 and its effect  on magnet izat ion  
at 498 K is  presented  in Fig .  7. The changes  here  were  
pos i t ive  and roughly three t i m e s  larger  than the cor-  
responding changes due to He adsorption at the s a m e  
temperature .  A typical  He i so therm is  plotted (dotted 
l ine) on the s a m e  sca l e  to demonstrate  the d i f f erences .  
Note that the SO2 i so therm saturated at about 4 kPa. The 
blocking effect  of SOe on He adsorption was d irec t ly  
tested during this  run. At 3.6 kPa p r e s s u r e  of SOe, hy- 
drogen gas was injected at a part ia l  p r e s s u r e  of 9.2 
kPa.  The magnet izat ion  in creased  very  s l ight ly  
(0.080 mV).  This  c l ear ly  demonstrates  that He did not 
rep lace  SO2 on the surface .  If it did the emf  would 
have fa l len  toward the He i s o t h e r m  at that p r e s s u r e .  
A l s o  if He is  adsorbed at a l l  it does  not interact  
s trongly  with a surface  covered  with SOe. 

The sample  was c leaned in the usual  manner  and 
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t emperatures  other than room temperature:  
o s  

total emf cc M K [1] = y  

0 4  

where  M is  the total magnet izat ion,  T, the temperature ,  
and K a constant.  At room temperature  the total emf 
was 100 mV. Thus the emf at another temperature ,  02 
T1, is  g iven by 

emf (Tz) = (100 mV) 298____KK [2] 
Tz 

and percent  changes  in magnet izat ion  at t emperature  
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Fig.  5 - - A e m f  f or  h y d r o g e n  on i r o n  at 498 K, done a f t e r  the 
r u n s  s h o w n  in F i g s .  2 to 4. 
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another SOs run at 498 K was  done,  F igure  8 shows  the 
r e s u l t s  of that run. Note  that whi le  saturat ion took 
place  at about the s a m e  p r e s s u r e  the i s o t h e r m  is  not 
the s a m e  as  that of Fig.  7. The r e s u l t s ,  however ,  can 
be readi ly  explained by examin ing  a superpos i t ion  of 
F i g s .  7 and 8. F igure  9 shows  this  superpos i t ion .  It 
can be c l ear ly  s e e n  that the second SO2 run s i m p l y  
reproduced the higher end of the f i r s t  run. This  
m e a n s  that there  must  have been  SO2 r e m a i n i n g  on 
the Fe  sur face  even after the 773 K vacuum cleaning.  
F igure  9 shows  that the SO2 adsorbed at 25 Pa  during 
the f i r s t  run r e m a i n e d  on the surface .  

Subsequent runs us ing  SO2 showed s m a l l e r  and 
s m a l l e r  A emf  va lues .  It could not be de termined  
whether this  r e s u l t e d  f r o m  m o r e  SO2 permanent ly  ad-  
sorbed or  the s in ter ing  of the s p e c i m e n .  

Desorpt ion  of SOz did not take p lace  upon evacuat ion 
at 498 K, Although p r e s s u r e s  of 2 x 10 4 Pa w e r e  main-  
tained at this  t e m p e r a t u r e  the SO2 covered  s a m p l e  
showed no emf changes .  The SO2 desorbed  only at the 
e x t r e m e l y  high c leaning t e m p e r a t u r e s  and even  then 
desorpt ion  was  not comple te .  

F igure  10 s h o w s  a molar  H2 adsorpt ion i s o t h e r m  
which was done at 498 K on the s p e c i m e n  before  the 
SO2 runs.  Thi s  was  p e r f o r m e d  to show that the 
changes  in magnet izat ion  m e a s u r e d  w e r e  para l l e l  to 
the amount of H2 adsorbed.  The m o l a r  adsorpt ion i s o -  

t h e r m s  fo l lows  much the s a m e  f o r m  as  the magnet i -  
za t ion  i s o t h e r m  e s p e c i a l l y  at lower  p r e s s u r e s .  How- 
e v e r ,  there  i s  no saturat ion as  there  is  in the mag-  
net izat ion .  This  b e c o m e s  c l e a r e r  in Fig.  11 where  the 
number of m o l e s  adsorbed is  plotted against  the A emf  
va lues  of the s a m e  s a m p l e  at 498 K. T h e s e  are  l ine-  
ar ly  re la ted  up to 10 x 10 "5 m o l e s  adsorbed at which 
point the magnet izat ion  begins  to saturate  but ad- 
sorpt ion  cont inues .  Hence  up to ~7  kPa the magne t i za -  
t ion change r e f l e c t s  the actual  He uptake. 

DISCUSSION 

A. H2 on Fe 

I. Bonding. The magnetization changes presented 
here are in full accord with several measurements 
done at single pressures of hydrogen, s-z~ In particu- 
lar the change of sign of the A emf resulting from H~ 

adsorpt ion at different  t e m p e r a t u r e s  is  ver i f i ed .  It 
must  be noted that the change in e m f  detec ted  mus t  
r e s u l t  f r o m  an actual  change in magnet izat ion  of the 
p a r t i c l e s  and not f r o m  changes  in anisotropy .  This  
must  be true in our c a s e  for a number of r e a s o n s .  
The par t i c l e  shape is  v e r y  near ly  spher i ca l ,  so  that 
shape an isotropy  cannot be a factor .  The l imi t ing  fac-  
tor must  then be crys ta l l ine  anisotropy.  The N e e l  
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equation for  the decay t ime of magnetization is:  

r = 10 "~ e z / ~ K ' v / k T  [4] 

where K '  is  the c rys ta l l ine  anisotropy,  v the par t i c le  
volume, k Bol tzman ' s  constant, and T the t empera tu re .  
In o rder  to completely rule out changes in anisotropy 
T should be very  smal l  compared to the t ime,  t, r e -  
quired in the experiment .  Fo r  our exper iment  t 
~ 1/120 s i . e .  the t ime requi red  for the magnetic 
f ield to go through one half a power cycle.  Now at 
273 K, K '  ~ 402 • 10 ~ erg//cm3, ~ and 

r = 3 . 0 9 •  -~s  

for  7.5 nm radius  pa r t i c l e s .  This value is  fa r  below 
the exper imenta l  t imes  requ i red  and anisotropy effects 
can be ruled out for a l l  t empera tu re s  g rea te r  than 
273 K. Anisotropy can a lso  be ruled out for other 
reasons  at higher t empera tu re s .  As Artyukh e t  a l  ~~ 
have pointed out the effect of H~ adsorpt ion at e levated 
t empera tu re s  i nc reases  as a function of t empera tu re  
whereas  a l l  effects a s soc ia ted  with anisot ropy dec rease  
as a function t empera tu re .  The conclusion shows that 
the effects of H~ (and SO~) adsorpt ion on the magneti-  
zation of each iron pa r t i c l e  was observed.  There fore  
the A emf values a r e  d i rec t ly  propor t ional  to AM, the 
changes in magnetization.  

At liquid ni t rogen t empera tu re  calculat ions of decay 
t imes ,  ~, show that we cannot ru le  o u t  changes in emf 
resul t ing  f rom changes in anisotropy upon adsorpt ion 
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of hydrogen. Only pa r t i c l e s  -<6,4 nm in diam will  act 
superparamagne t ica l ly .  However, there  a r e  two r e a -  
sons that the bonding at  low tempera tu re  is different  
f rom that at  high t empera tu res .  One is f rom the ob- 
serva t ion  that no magnetizat ion change is m e a s u r e -  
able f rom 298 to ~370 K even though H~ readi ly  chemi-  
sorbs  on Fe  at  these t empera tu re s .  11'12'15 The r e l axa -  
tion t ime demons t ra tes  that the sample  is  s t i l l  super -  
paramagnet ic  in this t empera tu re  region and /x emf 
values must ref lec t  the bonding. Hence, although H2 
is bonding to the surface,  the ~ emf is ze ro .  Hydro- 
gen uptake on Fe inc reases  with dec reas ing  t e m p e r a -  
ture  11'1~ so that it is  not jus t  a mat ter  of the effect be-  
ing too smal l .  We must therefore ,  conclude that the 
in teract ion of H2 with Fe  changes with t empera tu re .  

The second reason  s tems  from thermal  desorpt ion 
s tudies  of H2 adsorbed ini t ial ly at different  t e m p e r a -  
tu res .  Artyukh e t  al  ~~ compared the the rmal  deso rp -  
tion of H2 on Fe  resu l t ing  f rom an increase  in t em-  
pe ra tu re  (77 K ~ 298 K) for  var ious  samples  on which 
H2 had ini t ial ly been adsorbed at different  t empera -  
tures  and on which no H2 had been adsorbed (control 
run). A sample which had H2 adsorbed ini t ial ly at 77 K 
showed both a p r e s s u r e  inc rease  and a magnetizat ion 
inc rease  with r e spec t  to the control  run upon warming 
to 298 K. Both of these i nc reases  demonst ra te  the 
the rmal  desorpt ion of the H2 adsorbed at  77 K. In a 
second tes t  a sample  which had H2 adsorbed at 498 K 
was f i r s t  pumped down at 1.31 Pa. This was done to 
avoid fur ther  H2 uptake when the sample was cooled 
to 77 K. Since the evacuation to 1.31 Pa  at  498 K did 
not change the magnetization,  no H2 desorpt ion took 
place.  The sample  was then cooled to 77 K and the 
sys tem was evacuated to 1.31 • 10 -5 Pa.  In this case 
no p r e s s u r e  inc rease  or magnetizat ion change (with 
r e spec t  to the control  run) was noted. This meant that 
the H2 adsorbed at  498 K did not thermal ly  desorb ,  
unlike the H2 adsorbed at 77 K. We must again con- 
clude that there  a r e  bonding di f ferences  in H2 ad- 
sorbed at high and low t empera tu re s  and that the 
A emf values re f lec t  this fact .  

These  r e su l t s  demons t ra te  unequivocally that ad- 
sorbed hydrogen in terac ts  with the d -e l ec t rons  of iron. 
It is poss ible  to speculate  on the two different  bonding 
mechanisms found. The high t empera tu re  form of ad-  
sorbed  hydrogen must inc rease  the magnetizat ion by 
reducing the total  number of pa i red  d e lec t rons  in Fe .  
This would inc rease  the number of unpaired d e lec t ron  
spins and hence, inc rease  the magnetization.  Con- 
ve r se ly  the low tempera tu re  form of adsorbed hydro-  
gen must reduce the number of unpaired d e lec t ron  
spins and thus reduce the magnetization. The s imples t  
chemical  manner in which these changes can be ac-  
complished is by ionic bond format ion between H and 
Fe .  One can speculate  that four poss ible  fo rms  of hy- 
drogen ions might exis t :  H § H2 § H- and H~-. However 
there  is  evidence that, even at  liquid ni trogen tem-  
pe ra tu re s ,  hydrogen d issoc ia t ive ly  chemisorbs  on Fe .  
S iever ts  law is  obeyed for H2 uptake at  low t empera -  
tures.~'~2 Hydrogen-deuter ium exchange is a lso  rap id  
at liquid nitrogen t empera tu re .  ~5 An exchange react ion 
of this type does not however, rule  out the existence of 
molecules  whose atoms a re  loosely joined on the su r -  
face.  Our own exper iments  were not sensi t ive  enough 
in the very  low p r e s s u r e  ranges ,  where adsorpt ion 
might obey a Langmuir  i so therm,  to different iate  be-  
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tween a P or a p~r2 dependence.  However,  based  on the 
f indings of o thers  ment ioned above we must  at p r e se n t  
ru le  out the poss ib i l i ty  of H2 § or H2- format ion .  

Although H § can explain low t e m p e r a t u r e  magne t iza -  
t ion changes we cannot e l imina te  the poss ib i l i ty  of co- 
va lent  bonding of hydrogen atoms to Fe .  This  would 
also dec rease  the number  of unpai red  d e l ec t ron  sp ins .  
In the absence  of any other expe r imen ta l  data the 
fo rms  of hydrogen on Fe can only be nar rowed  to I-I + 
or covalent ly bonded hydrogen a toms at low t e m p e r a -  
tu res  and H- at high t e m p e r a t u r e s .  Both types a re  
p r e s e n t  f rom 273 - -  373 K and tend to cancel  each 
other  out, hence a zero  A emf r e su l t s  for H2 adsorp-  
t ion. 

It should be noted that in s tudies  of adsorpt ion  ~5 and 
r a t e s  of adsorp t ion  ~2,~6,17 the postula t ion of two types 
of adsorb ing  species  was n e c e s s a r y  to explain the 
data.  In p a r t i c u l a r  P o r t e r  and Tompkins  le postulated 
an in i t i a l  adsorbed  species  (Type C (Ref. 15)) and a 
f inal  adsorbed  species  (Type A (Ref. 15)). They postu-  
lated that Type A resu l t ed  f rom an act ivated mig ra t ion  
of Type C to s i tes  which s t rong ly  adsorbed  hydrogen 
(i .e.  s i tes  of lower potent ia l  energy) .  Since these p r e -  
vious s tudies  were  vo lumet r i c  or  g r a v i m e t r i c  they 
could in no way di f ferent ia te  between the bonding of 
Type C and Type A hydrogen on Fe.  However,  because  
of the adso rp t ion -magne t i za t i on  r e s u l t s  we can now 
equate Types  A and C with two dif ferent  types of chemi-  
cal  bonding on the i ron  sur face .  On the bas i s  of spin 
pa i r ing  and t e m p e r a t u r e  dependence it is r e a sonab l e  
to equate Type A with H- and Type C with H § or co- 
va lent  hydrogen.  The ac t iva t ion  energy  for migra t ion  
now becomes  the ac t iva t ion  energy  for the reac t ion .  

H § or covalent  hydrogen + Fe ~ H- + Fe § 

which is a chemica l  r eac t ion  even though it might a lso 
involve a migra t ion .  We note here  that the H-  fo rm is 
an immobi le  spec ies  and has a much l a r g e r  b inding 
energy  than the mobile  Type C. The ac t iva t ion  energy  
was de t e rmined  to be 12 to 25 kJ /mole ,  12 which is con- 
s i s t en t  with the t e m p e r a t u r e  dependence of the bonding 
of hydrogen on Fe.  

F ina l ly  Kumnick  and Johnson ~8 in s tudies  of hydro-  
gen t r an spo r t  through Armco  i ron  showed that hydro-  
gen was h indered  in its diffusion through the i ron  by 
he te rogene i t i e s  in the m i c r o s t r u c t u r e .  These  he te ro-  
genei t ies  were  labeled as hydrogen t raps  and were  
a s sumed  to capture  hydrogen in some manne r .  They 
found that these  t r aps  were  sa tu rab le  i .e .  they could 
hold only a f ini te  amount  of hydrogen.  T h e i r  s tudies  
on deformed Armco  i ron  showed that some of the t raps  
could be assoc ia ted  with d i s loca t ions .  We must  note 
here  that any in te rna l  F e  s t r u c t u r e  which could act  in 
any way as a sur face  would adsorb  hydrogen in a Type 
C state  which would be conver ted  to an immobi l e  Type 
A s ta te  at a ra te  dependent  only on the t e m p e r a t u r e .  
The c rea t ion  of immobi le  Type A (H-) hydrogen is a 
t rapping p roces s  which is  sa tu rab le  s ince  there  is a 
fixed amount  of sur face  a rea .  The t rapp ing  observed  
occu r r ed  in the t e m p e r a t u r e  range  278 to 333 K which 
is the range  in which the fo rmat ion  of the H- begins  
to compete with the fo rmat ion  of H § (or covalent  H) 
as re f lec ted  in the change of magnet iza t ion  (A emf 
= 0). 

2. H2 I so the rms .  The equat ion v r e l a t i ng  changes in 
magnet iza t ion  to sur face  coverage for the high t em-  
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p e r a t u r e  magne t iza t ion  i so t he r ms  is: 

AM - ~ 6  [5 ]  
M 

where ZXM//M is the f rac t iona l  change in magne t iza t ion  
observed ,  V contains  the dependence on pa r t i c l e  s ize  
d i s t r ibu t ion ,  bonding number ,  specif ic  magne t iza t ion  of 
the sample ,  sur face  a r ea  and pa r t i c l e  volume; and 0 
is the sur face  coverage.  Since A emf va lues  a re  pro-  
por t iona l  to AM we can find the appropr ia te  i so the rm 
for the adsorpt ion  of H2 on an i ron  sur face .  Langmui r  
i so t he r ms  for d i ssoc ia ted  and nondissoc ia ted  adsorp -  
t ion fai led to fit the data  over  the en t i re  p r e s s u r e  
range  as did the F reund l i ch  i so the rm.  However,  as 
can be seen  f rom Fig.  12, the T e m k i n  i so the rm fits 
the data over the p r e s s u r e  range  of the exper iment .  
This  i so the rm is based upon the a s sumpt ion  that the 
heat of adsorp t ion  fal ls  l inea r ly  with sur face  coverage.  
This  ag rees  with the f indings of o thers  15 for H2 on Fe.  

3. Hydrogen Embr i t t l emen t .  The r e  has been much 
specula t ion  over  the ye a r s  on the mechan i sm of hy- 
drogen  e m b r i t t l e m e n t  and on its k ine t ics .  In light of 
the re la t ionsh ip  of the two fo rms  of hydrogen found 
in this study to the Types  A and C speculated by 
P o r t e r  and Tompkins  ~ and the hydrogen t rap  found by 
Johnson  and Kumnick  18 it is poss ib le  to cons t ruc t  a 
model  of hydrogen e m b r i t t l e m e n t  which includes  dif- 
fusion to e m b r i t t l i n g  s i tes  in the Fe bulk. One must  
cons ider  the total  p roces s  of adsorpt ion,  diffusion and 
e m b r i t t l i n g  reac t ion .  

T ro i ano  et  al ~9'2~ have shown that f r ac tu r e  r e su l t i ng  
f rom hydrogen e m b r i t t l e m e n t  of charged spec imens  
in i t ia tes  not at the c rack  tip but in the a r ea  in the 
meta l  jus t  beyond the tip. The r ea son  given for this 
is that f r a c t u r e  should occur  in the region of maxi-  
mum t r i ax ia l  s t r e s s .  The locat ion of this reg ion  is  
always within the meta l  beyond the notch or c rack  tip 
and is  a function of notch rad ius .  The sha r pe r  the 
notch the c loser  the c r i t i ca l  t r i ax i a l  s t r e s s  region  is 
to the notch tip. We a s sume  here  that f r ac tu re  r e s u l t -  
ing f rom low p r e s s u r e  (i .e.  envi ronmenta l )  hydrogen 
a lso  in i t ia tes  in the region  of max imum t r i ax ia l  s t r e s s .  
We also a s sume  that for a given spec imen  and at a 
given s t r e s s  in tens i ty  there  is  a c r i t i ca l  amount  of hy- 
drogen which mus t  accumula te  in the t r i ax ia l  s t r e s s  
reg ion  to cause f r ac tu re .  Crack growth then cons is t s  
of a p r o c e s s  of adsorpt ion,  diffusion, e mbr i t t l i ng  r eac -  
tion, and f r a c t u r e  o c c u r r i n g  many t imes  as a speci -  
men exper iences  low p r e s s u r e  hydrogen e m b r i t t l e -  
ment .  The c rack  growth ra te  should be i nve r se ly  pro-  
por t iona l  to the amount  of t ime r equ i r ed  to bui ld up 
the e m b r i t t l i n g  spec ies .  

Us ing  the above a s sumpt ions  and guided by the in-  
t e r p r e t a t i o n  of the immobi le  species ,  H A (H-) in the 
work of P o r t e r  and Tompkins  12 and Kumnick  and John-  
son 18 we propose the model  shown in Fig.  13. The 
in i t i a l  Type C adsorbed species ,  des ignated as HC, 
is in equ i l i b r ium with the gas phase.  The Type A 
spec ies ,  des ignated  as HA, is accumula t ing  on the s u r -  
face. The ra te  of this  accumula t ion  is t e m p e r a t u r e  de-  
pendent and has the ac t iva t ion  a t t r ibuted  to mig ra t ion  
by P o r t e r  and Tompkins.12 P o r t e r  and Tompkins  ~2 
r e f e r r e d  to H A as an immobi le  species .  This  is  con- 
s i s t en t  with H A being H- s ince  H ~ impl ies  a local  s u r -  
face bond as well  as a l a r g e r  a tom than H. Reca l l ing  
that this a~rees  with the explanat ion of the t rapping  
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Fig. 12--Tempkin isotherm plot of Aemf v s  in for hydrogen 
on iron at 498 K. 

m e c h a n i s m  of Kumnick  and Johnson  18 we a s s u m e  that 
HA (H-) does not read i ly  diffuse into the meta l .  How- 
ever ,  H e  does,  as  is  r e p r e s e n t e d  by the step to HD, a 
diffusing hydrogen spec ies .  HD diffuses to the t r i -  
ax ia l  s t r e s s  reg ion  and r e a c t s  at some ra te  de t e r -  
mined  by t e m p e r a t u r e  to embr i t t l e  the meta l .  Th i s  is  
shown in  the r eac t ion  as  the step to HE, the embr i t t l i ng  
spec ies  in the t r i ax i a l  s t r e s s  region.  

The diffusion of hydrogen f rom a newly fo rmed  c rack  
sur face  is fa r  f rom be ing  in a s teady s ta te .  As it has 
been  shown 18 that typical  t imes  to r e ach  s teady s ta te  
f luxes in m e m b r a n e s  0.126 cm in th ickness  were  of 
the o rde r  of minu tes .  Most spec imens  for  e m b r i t t l e -  
men t  s tudies  have d imens ions  which a r e  at l eas t  an 
o rde r  of magni tude l a r g e r  than the m e m b r a n e  thick-  
nes s .  Since diffusion t imes  va ry  as the squa re  of the 
d i s t ances  involved we see that many hours  would be 
n e c e s s a r y  to reach  s teady s ta te .  Typ ica l  c rack  growth 
r a t e s  a r e  on the o rde r  of f rac t ions  of a c en t ime te r  pe r  
second so that  new su r faces  a re  c rea ted  too fas t  to 
cons ider  the diffusion being steady state.  

F ina l ly  we can specula te  on the e m b r i t t l i n g  spec ies  
and i ts  locat ion in the t r i a x i a l  s t r e s s  region .  Since the 
fo rmat ion  of H- on i n t e r n a l  defects  is  cons i s ten t  with 
t rapping,  it  is quite r ea sonab le  to be l ieve  that this  
t rapped hydrogen is  the e m b r i t t l i n g  spec ies .  Kumnick  
and Johnson  is showed that de format ion  of a spec imen  
i n c r e a s e d  the n u m b e r  of t r aps .  This  is in ful l  accord  
with f indings  which show that p las t i c  deformat ion  is a 
n e c e s s a r y  step in  e n v i r o n m e n t a l  hydrogen e m b r i t t l e -  
ment .  21 It can be seen  that t r aps  co r r e spond  to in-  
t e r n a l  su r f ace s  or  act ive  s i t e s  for  the adsorp t ion  of 
Type A (I-V) hydrogen.  The p r e s e n c e  of these  s i t e s  is  
n e c e s s a r y  for e m b r i t t l e m e n t  of i r on  and s t ee l  by hy- 
drogen.  

B. SO~ on I ron  

We can d i r ec t ly  compare  the bonding of S02 and H2 
on an i ron  sur face  us ing  the following re la t ion :  v 

A emf cc - ~ -  ~ ~? O [6] 

where  0 is the sur face  coverage  and ~? is  the bond hum-  
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Fig. 13--Surface and subsequent bulk reactions for the en- 
vironmental hydrogen embrittlement process. 

be r .  If we a s s u m e  that the number  of act ive  s i tes  is 
the s ame  for  S(:h and H2 on Fe  then nea r  sa tu ra t ion  
(0 ~ 1) Aemf  cc ~?. Thus  by taking  the ra t io  

A emf (SO~ at Saturat ion)  [7] 
A emf (H2 at Saturat ion)  =- E 

we can ca lcula te  the r e l a t ive  bond number  of SO2 to H2 
at 498 K. As can be seen f rom the i s o t h e r m s  ~ - +3. 
Th i s  means  that the SO2-Fe sur face  bond is much 
more  ionic than the H - F e  su r face  bond. 

T r a n s f e r  of pa i red  e l ec t rons  f rom the Fe d levels  to 
SO2 is g rea t e r  than for hydrogen.  The r e s u l t s  a lso 
show that SO2 blocks the in t e rac t ion  of hydrogen with 
the su r face .  G r a v i m e t r i c  s tud ies  have shown ~ that SO2 
does block H2 uptake on i ron  foi ls .  The r e a s o n  for this 
r e s u l t  is  aptly demons t r a t ed  by the magnet iza t ion  
m e a s u r e m e n t s :  SO2 was more  s t rong ly  adsorbed  on 
i ron  and effect ively blocked the in t e rac t ion  of H2 
with the i ron  sur face .  The s t r eng th  of the SO2-Fe s u r -  
face bond was demons t r a t ed  both by the absence  of 
desorp t ion  upon evacuat ion  af ter  a run  and the inabi l i ty  
of high t e m p e r a t u r e  (~773 K) to c lean  the sample  of al l  
SO2. Hydrogen on the other  hand desorbed  read i ly  at  
r e l a t i ve ly  low t e m p e r a t u r e s  (~373 K). The blocking 
act ion of SO2 on Fe su r faces  expla ins  how SO2 inhibi ts  
e n v i r o n m e n t a l  hydrogen e m b r i t t l e m e n t .  

CONCLUSIONS 

The magnetization results conclusively demonstrate 
that there is an interaction between adsorbed hydrogen 
and the d electrons of iron. 

In particular there are two types of interactions be- 
tween hydrogen and iron surfaces: I) a low tempera- 
ture form, H + or covalently bonded H and 2) a high 
temperature form H-. These correspond to what pre- 
viously were called Type C (low temperature) and 
Type A (high temperature), 

The immobile H- species readily explains adsorp- 
tion rates. In addition the formation of this species at 
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i n t e r n a l  d e f e c t s  e x p l a i n s  t h e  t r a p p i n g  m e c h a n i s m  a n d  

a n o m a l o u s  d i f f u s i o n  o f  h y d r o g e n  t h r o u g h  i r o n .  

T h e  i n h i b i t i n g  a b i l i t y  o f  SOz o n  t h e  i n t e r a c t i o n  o f  h y -  
d r o g e n  w i t h  a n  i r o n  s u r f a c e  w a s  c l e a r l y  d e m o n s t r a t e d .  
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