
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Corrosion of Steel

C o rro sio n  is the d estru ctio n  or d eter io ra tio n  o f  m a te r ia ls  b e c a u se  o f  reac tio n  
w ith  its e n v ir o n m e n t. S e v e r e  co rr o sio n s  m a y  o ccu r  i f  th e  e n v ir o n m e n t is  h ig h  te m ­
perature or h ig h  p ressu re . S e v e r e  co r r o s io n s  can  lead  to  c o s t ly  o u ta g e s  and  repairs  
and  ca n  a ffe c t  p lan t re lia b ility  and sa fe ty . In so m e  c a se s , h o w e v e r , c o r r o s io n  is  b e n e ­
f ic ia l or d es ir a b le . F or e x a m p le , c h e m ic a l m a c h in in g  or c h e m ic a l m il l in g , un m ark ed  
areas are e x p o s e d  to  acid  and e x c e s s  m eta l is  d is so lv e d . A n o th e r  b e n e f ic ia l co rr o sio n  
p r o c e ss  is to  o b ta in  better and m ore u n ifo rm  a p p ea ran ce  in  a d d it io n  to  a p ro tec tiv e  
co r r o s io n  p rod u ct on  the su r fa ce  in  a n o d iz in g  o f  a lu m in u m  (F o n ta n a  1 9 8 8 ).

2 .1 .1  F lo w  A c c e le r a te d  C o rrosion  (F A C )
F lo w  a c c e le r a te d  c o rr o sio n  (F A C ), a lso  k n o w n  as f lo w  a s s is te d  corro­

s io n , is the c h e m ic a l d is so lu tio n  o f  su rface  o x id e  and b a se  m e ta l, a c c e le r a te d  b y  f lo w  
and  f lo w  im p in g e m e n t. T h is  p r o c e ss  in v o lv e s  a  m a g n e tic  o x id e  f i lm  fo r m a tio n  on  the  
carb on  stee l su r fa c e . T h e o x id e  film  acts as a p ro te c tiv e  o x id e  la yer  d u e  to th e  rea c ­
t io n  b e tw e e n  d is s o lv e d  o x y g e n  in  f lo w in g  w a ter  or w a te r /s te a m  s y s te m s  and  the car­
b o n  s te e l su rfa ce . T h e  p r o te c tiv e  o x id e  la yer  o n  the m eta l su r fa ce  d is s o lv e s  from  the  
su r fa ce  as d is s o lv e d  iron , or  fo rm s a so lid  c o rr o sio n  p ro d u ct w h ic h  ca n  b e  m e c h a n i­
c a lly  sw e p t  fro m  th e  m eta l su r fa ce  and carried  d o w n str e a m . A  n e w  o x id e  la y er  form s  
o n  e x p o s e d  p a tc h e s  at the bare m eta l w ith  co n tin u a l r e m o v e d  an d  r e fo rm ed  o x id e ,  
and  th u s th e  m eta l lo s s  c o n tin u e s  resu ltin g  in  w a ll th in n in g  as sh o w n  in  F ig u re  2 .1 .
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M e c h a n is m  o f  F lo w - a c c e le r a t e d  c o r r o s io n W all t h in n in g  in d u c e d  b V FAC

Figure 2.1 M e c h a n ism  o f  f lo w  a cce lera ted  c o r r o s io n  and w a ll th in n in g  in d u ced  by  
F A C  (h ttp ://a fr e .q se .to h o k u .a c .jp /r e se a r c h /F A C /e - in d e x .h tm l).

F A C  ca n  b e an tic ip a ted  w h e n e v e r  a s u sc e p tib le  m eta l is  e x p o se d  to 
s p e c if ic  e n v ir o n m e n ta l c o n d it io n s. T h e m ore im p ortan t v a r ia b le  fo r  F A C  are te m p e r ­
ature, p H , f lu id  v e lo c i ty  and d is so lv e d  o x y g e n  co n cen tra tio n .

2.2 Mechanism of Oxide Growth and Hydrogen Evolution in Corrosion

In C A N D U  reactors, th e  o b serv ed  iron  o x id e  o n  th e  m eta l is  m a g n etite  
(F e 3Û 4). T h is  ty p e  o f  o x id e  film  b e h a v e s  lik e  a co r r o s io n  r e s is ta n c e  film  to th e  stee l 
from  th e  c o r r o s iv e  en v iro n m en t. T h e  m o r p h o lo g y  o f  th e  o x id e  f i lm  is  in f lu e n c e d  b y  
the c h e m ic a l c o m p o s it io n  o f  the a llo y , e x p o su r e  c o n d it io n s  an d  su rfa ce  f in ish in g  
(L ister , A rb ea u  et a l. 1 9 9 4 ).

C arb on  s te e l corrod es in  h ig h  tem peratu re w a ter  an d  fo r m s  a d o u b le  la yer  in  
su p ersatu ra ted  c o n d it io n s , k n o w n  as th e  P otter and  M an n  la y er . T h e  in n er la yer  c o n ­
s is ts  o f  sm a ll m a g n e tite  crysta ls  that g r o w  in to  th e  m eta l, r e p la c in g  th e co rr o d ed  v o l ­
u m e (P o tter  and M a n n  1 9 62 ). T h is  layer g r o w s  at the m e ta l-o x id e  in ter fa ce  and is  
c o m p a c t  and  ad h eren t (P otter  and M an n  1 9 6 3 ) s in c e  it n u c le a te s  in  th e  c o n fin e d  
sp ace . T h e  ou ter la y e r  c o n s is ts  o f  larger m a g n etite  cry sta ls  s in c e  it g r o w s  b y  ou tw ard  
d if fu s io n  o f  the m e ta l io n s, e s p e c ia lly  iron , a lo n g  o x id e  gra in  b o u n d a r ies  w ith o u t  
v o lu m e  con stra in t. T h e  sch em a tic  o f  d o u b le  o x id e  la y ers fo r m e d  on  carb o n  s te e l is 
sh o w n  in  F ig u re  2 .2 .

http://afre.qse.tohoku.ac.jp/research/FAC/e-index.html
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Figure 2.2 S c h e m a tic  o f  th e  d o u b le  o x id e  la yer  fo rm ed  o n  carb o n  s te e l (L ister ,
S la d e  et al. 1 9 9 7 ).

T h e  c o r r o s io n  o f  carb o n  s te e ls  and lo w  a llo y  s te e ls  in  h ig h  tem p era tu re w a ­
ter, in  the a b se n c e  o f  o x y g e n , in v o lv e s  th e  transport o f  o x y g e n -b e a r in g  sp e c ie s  to the  
m e ta l/o x id e  in ter fa ce  and ou tw ard  m o v e m e n t o f  m eta l io n s  to  the s o lu t io n . W h en  the  
so lu t io n  b e c o m e s  saturated  w ith  so lu b le  iron , an o u ter  m a g n e tite  la y e r  is  n u clea ted  
and  g r o w s  o n  th e su rfa ce . T h e  net resu lt is  a d o u b le  m a g n e tite  layer .

In th e a b se n c e  o f  o x y g e n , the in w ard  m o v e m e n t  o f  o x y g e n -b e a r in g  s p e c ie s  
o c c u r s  b y  d if fu s io n  e ith er  w a ter  m o le c u le s , o x y g e n  io n s  or h y d r o x id e  io n s . S in c e  o x ­
y g e n  io n s  in v o lv e  the fo rm a tio n  o f  o x id e  f i lm s  o n ly  a fter  a s u ff ic ie n t ly  a n o d ic  p o te n ­
tia l is  im p o se d  an d  a d e -p ro to n a tio n  o f  w a ter  tak es p la c e , re su lt in g  in  th e  lo s s  o f  p r o ­
to n s  to th e  s o lu t io n  and o x y g e n  io n s  m ig ra tin g  tow ard  th e  s te e l su r fa ce . O x y g e n  io n s , 
th erefo re , c a n n o t  b e  the d if fu s io n  sp e c ie s . S in c e  th e  o x id e  f i lm s  are th in , the e le c tr ic  
ch a rg e  stre n g th  a c ro ss  the f ilm  is h igh . T h e  e s ta b lish e d  e le c tr ic  f ie ld  w ill  b lo c k  the  
n e g a tiv e  c h a r g e d  io n s , su c h  as O H ' from  m o v in g  to w a r d s  th e  s te e l su rfa ce . T h is  
e lim in a te s  h y d r o x id e  io n s  a s  the d if fu s io n  sp e c ie s . T h e r e fo r e , th e  o x y g e n -b a r in g  s p e ­
c ie s  in v o lv in g  th e  fo rm a tio n  o f  the m a g n e tite  layer  is  p ro b a b ly  w a te r  (C h e n g  and  
S tew ard  2 0 0 4 ) .

A  p r o p o se d  sc h e m a tic  o f  the m a g n e tite  f ilm  fo r m e d  o n  a s te e l su rfa ce  in  a 
h ig h  tem p era tu re  w ater  so lu t io n  is  s h o w n  in  F igu re 2 .3 ;  w a ter  m o le c u le s  d if fu se  
th ro u gh  the in n er  o x id e  la yer  and react d ir e c t ly  w ith  s te e l at th e  s te e l /o x id e  in terfa ce . 
Iron  d is so lu t io n  o c c u r s  w h ere  an o x id e  la y er  e x is ts . P ro to n s  at th e  o x id e /w a te r  in ter­
fa c e  d if fu se  th ro u g h  the o x id e  layer to c o n su m e  the e le c tr o n s  p ro d u c e d  b y a n o d ic
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rea c tio n s  and d isc h a r g e  as h y d r o g e n  a to m s at th e  s te e l /o x id e  in terfa ce . T h e  re lev an t  
r e a c tio n s  o ccu rr in g  at th e  s te e l/o x id e  in terfa ce  are:

3 F e  +  4 H 20  —» F e JO 4 +  8 F t  +  8e (2 .1 )
F e  - >  F e 2+ +  2 ๙ (2 .2 )
f t  +  ๙ - *  H (2 .3 )

Figure 2 .3  S c h e m a tic  v ie w  o f  th e  form atio n  o f  th e  m a g n e tite  f ilm  o n  th e  s te e l sur­
fa c e  in  h ig h  tem p era tu re  w a ter  (C h e n g  and S tew a rd  2 0 0 4 ) .

T h e ferrou s io n s  d if fu s in g  ou t o f  th e  o x id e  la y er  e x is t  as F e (O H )+ in h igh  
tem p era tu re w a ter  m u st s ta b iliz e  th e m se lv e s  b y  d e c r e a s in g  th e ir  ch a rg e /ra d iu s  ratios 
th ro u gh  h y d r o ly s is  to  form  h yd ro u s iron io n s. T h e  h y d ro u s  iron  io n s  w il l  d e p o s it  as 
lo o s e  F e (O H )2  o n c e  the sa tu ration  o f  the iron  io n  is  a c h ie v e d . T h e  o u ter  d e p o s it io n  o f  
th e  m a g n e tite  la y er  is  then  fo rm ed  in h ig h  tem p era tu re w a ter , a c c o m p a n y in g  the d is ­
c h a rg e  o f  h y d r o g e n  io n s. T h ere fo re , the e le c tr o c h e m ic a l r e a c tio n s  o ccu r r in g  at the  
o x id e /w a te r  in ter fa ce  are:

3 F e ( O H ) + +  H 20  - >  F e 30 4 +  5 f t  +  2 ๙  
2 f r  +  2 e - * H 2

(2 .4 )
(2 .5 )
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T h e  rea c tio n  a b o v e  in d ic a te s  that h y d ro g en  g a s  is  p ro d u ced  b y  the s te e l c o r ­
r o s io n  p r o c e ss .

S tu d y  o f  h y d r o g e n  e m is s io n  d u rin g  s te e l c o r r o s io n  (T o m lin so n  1981 ;  
T o m lin so n  and  C ory  1 9 8 9 )  sh o w e d  that p rod u ced  p ro to n s from  th e  co rro sio n  p r o c e ss  
d iffu se  in  b o th  d ir e c tio n s  acro ss  the o x id e , w ith  th e d irec tio n  an d  m a g n itu d e  o f  the  
proton  f lu x  b e in g  d ep e n d e n t on  th e  structure o f  o x id e  layer. H y d r o g e n  a to m s are 
form ed  at b o th  the m e ta l/o x id e  in ter fa ce  and the o x id e /w a te r  in ter fa ce , h y d ro g en  at­
o m s are e ith er  d isc h a r g e d  at the o x id e /w a te r  in ter fa ce  b y  e le c tr o n  d if fu s io n  acro ss  the  
o x id e  or d if fu s io n  th ro u gh  the o x id e  a s  p roton s w h ic h  are d isch a rg ed  at the m e t­
a l/o x id e  in ter fa ce . U n d er  the co n cen tra tio n  and p o ten tia l gra d ien t, p ro ton s at th e  o x ­
id e /w a ter  in te r fa c e  d if fu s e  rap id ly  th ro u gh  the o x id e  la y er  and d isc h a r g e  as h y d ro g en  
atom s at th e  m e ta l/o x id e  in terface .

T h e  ex p e r im e n ta l e v id e n c e  fro m  the a b o v e  stu d y  in d ic a te s  that up to 90%  o f  
the h y d r o g e n  a to m s are g en era ted  at th e  m e ta l/o x id e  in ter fa ce  d u r in g  the co rr o s io n  o f  
s te e ls  b y  h ig h  tem p era tu re  d eaerated  w ater . M ore th an  99%  o f  th e se  h y d ro g en  a to m s  
w ill d if fu se  th rou gh  th e  s te e l at the tem p era tu re o f  in terest s in c e  it is  g en era lly  a c ­
cep ted  that th e  h y d r o g e n  d if fu s iv ity  in an o x id e  f ilm  is  v ery  lo w . H y d ro g en  d if fu se s  
throu gh  th e  m eta l 3 3 0  t im e s  faster than th rou gh  th e o x id e  (T o m lin s o n  19 81 ). H e  a lso  
su g g e s te d  that i f  th e  rate o f  g ro w th  o f  th e  inner la yer  p er rate o f  gro w th  o f  th e  ou ter  
layer is  co n sta n t, th en  the ratio o f  h y d r o g e n  e m is s io n  from  m eta l and  o x id e  su r fa ces  
sh o u ld  a lso  b e  co n sta n t. F urtherm ore, th e  fraction  o f  h y d r o g e n  p a ss in g  th rou gh  the  
s tee l ap p ea rs to  in crea se  w ith  the am o u n t o f  o x id e  d e p o s ite d  o n  th e  tu b e  su rface .

2.3 Hydrogen Probe for Monitoring Corrosion

2 .3 .1  H y d r o g e n  P rob e P r in c ip le
T h e  c o n c e p t  o f  the h y d r o g e n  e f fu s io n  p rob e is  b a se d  on  the fact that 

o n e  o f  th e  c a th o d ic  r ea c tio n  p rod u cts in  the c o r r o s io n  p r o c e ss  is  h y d ro g en . T h e  h y ­
d rogen  a to m s th u s g en era ted  d if fu se  th ro u gh  the p ip e  and  are lib era ted  at the ex ter io r  
su rface . T h ere fo re  th e  h y d ro g en  p rob e can  m ea su re  th e  c o r r o s io n  rate b y  m ea su r in g  
h y d ro g en  r e le a se  at the su rface . O n e a d v a n ta g e  o f  e x te r io r  h y d r o g e n  m o n ito r in g  is
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th a t it does n o t req u ire  p e n e tra tio n  o f  the  p ip e  w all in o rd e r  to  o b ta in  th e  co rro sio n  
ra te  sin ce  th e  h y d ro g e n  p ro b e  is in s ta lled  on  th e  o u ts id e  p ip e  w all.

N o t en tire ly  th e  case , fo r c a lc u la tio n  th e  q u an tif ic a tio n  o f  th is  m ethod  
assu m es  tha t all o f  th e  h y d ro g e n  lib e ra ted  in  th e  co rro s io n  reac tio n  d iffu ses  th ro u g h  
the  stee l v esse l w a ll in stead  o f  b e in g  lib e ra ted  as  h y d ro g e n  g as  a t the  in s id e  su rface . 
T h is  m e th o d  is in  p rac tice  lim ited  to steel, w h ic h  has a h ig h  h y d ro g e n  d iffu s iv ity  and 
low  so lu b ility  o f  h y d ro g en  (D av is . D este fan i e t al. 1987).

T h e  feed e r th in n in g  o ccu rs  b ecau se  iron  a to m s (F e 2+) in th e  steel d is ­
so lv e  in to  the  c o o la n t as a  co n se q u e n c e  o f  F A C . T he h y d ro g e n  p ro b e  can  m easure  
th e  p ip e  th in n in g  ra te  since  th e  q u an tity  o f  h y d ro g e n  e ffu s in g  th ro u g h  th e  carbon  
steel p ip e  is p ro p o rtio n a l to  th e  ra te  tha t iron  is lo st in to  so lu tio n . It is a ssu m ed  tha t 
one  m o le  o f  h y d ro g e n  gas is p ro d u ced  from  o n e  m o le  o f  iro n  ion  loss. T he reac tion  
for th is  re la tio n  is sh o w n  below .

T h e  h y d ro g en  p ro b e  sy stem  o p e ra te s  u n d e r v acu u m . In  p rin c ip a l, h y ­
d ro g en  e ffu s in g  fro m  the  p ip e  is co llec ted  in  th e  c h a m b e r o u ts id e  o f  the  p ip e  w all and 
cau se s  the  p re ssu re  to  rise. T h e  p re ssu re  tra n sd u c e r  o r  p re s su re  g au g e  m easu res  the  
h y d ro g en  p re ssu re  in c rease  w h ich  can  be  u sed  to  ca lcu la te  w a ll th in n in g  ra tes.

A n  im p o rtan t fe a tu re  o f  th e  h y d ro g e n  flu x  p ro b e  m o n ito rin g  is tha t it 
is a  re a l-tim e  d e v ic e , w h ich  can  d e tec t sh o rt- te rm  u p se ts  in  th e  p ro cess. B y g e ttin g  
rea l-tim e  d a ta  fro m  co rro s io n  m o n ito rin g , o p e ra to rs  can  re la te  th is  d a ta  to  ev en ts  th a t 
cau se  the  co rro s io n . T h is  a llo w s th em  to  lo w er co rro s io n  ra te s  by  ad ju s tin g  o r e lim i­
n a tin g  c o rro s io n -c a u s in g  even ts.

T h e  ra te  o f  c o rro s io n  is re la ted  to  h y d ro g e n  ev o lu tio n  b ased  on  E q u a ­
tio n  2 .6 . O ne m o le  o f  แ 2 is p ro d u c e d  for one  m o le  o f  F e2+ loss.

F e +  21 r F e 2 ' +  2H (2 .6)

(2 .7)

w h ere  c  is co rro s io n  rate  (cm /y r),
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M Fe is m o la r m ass  o f  iron  w h ich  is 55 .85  g /m o l,
A is in te rn a l a re a  o f  p ipe  (c m 2),
P F e  is the  d e n s ity  o f  iron  w h ich  is 7 .86 g /c m 3 
a  is th e  co n v e rs io n  o f  days to  y ea r (365 d ay s /y r) , and

is a d a ily  a c c u m u la tio n  o f  h y d ro g en  m o le c u le s  in a u n it o f  m o les/d ay .

S in ce  h y d ro g en  b e h a v e s  as an  idea l gas a t lo w  p re ssu re s , the  n u m b er 
o f  m o les  o f  h y d ro g en  accu m u la tio n  p e r day  can  be re la ted  to  th e  ch an g e  in  p ressu re  
by the  id ea l gas law .

^  J 4 ~ .  (2 .8 )dt dt RTeff
dPw here is th e  ra te  o f  p re ssu re  in c rease  in P a /d ay ,

V is to ta l v o lu m e  o f  the  H E P  w h ich  d ep en d s  o n  an  a sse m b ly  o f  the  H E P ,
R  is gas co n s ta n t (8 .31 4  m 3 P a/m o l/K ), and  
Tetris th e  e ffec tiv e  tem p e ra tu re  (K ) in  th e  system .

S in ce  v a rio u s  p a rts  o f  th e  H E P  sy s tem  are e x p o se d  to  d iffe ren t te m ­
p era tu res, th e  e ffe c tiv e  tem p e ra tu re  th e re fo re  is th e  sum  o f  th e  in d iv id u a l te m p e ra ­
tu res m u ltip ly  by th e ir  re sp ec tiv e  v o lu m e  p e rcen tag e  o f  th e  H E P  system .

2 .3 .2  H y d ro g e n  E ffu s io n  P ro b e  (H E P )
T h e  H E P  co n sis ts  o f  s ilv e r cu p  co n n e c te d  v ia  s ilv e r  and  sta in le ss  steel 

tu b in g  to  a  v a lv e , p re ssu re  tran sd u ce r, v acu u m  p u m p , and  d a ta  acq u is itio n  sy stem . In 
o rd er to  av o id  the  leak in g  o f  h y d ro g e n  from  the  d ev ice , h ig h  p u rity  s ilv e r is u sed  due 
to  the  lo w  p e rm e a tio n  ra te  o f  h y d ro g e n  th ro u g h  th is  m eta l a t h ig h  tem p era tu re . T he 
system  te m p e ra tu re  is m easu red  by  in s ta lled  th e rm o c o u p le s . T h e  m ain  co m p o n en ts  
o f  th e  H E P  in s tru m en ta tio n  un it a re  an  iso la tio n  v a lv e , a  p re c is io n  ab so lu te  p ressu re  
tran sd u ce r, and  a d a ta  acq u is itio n  an d  con tro l sy s tem . T h e  p re ssu re  tran sd u ce r has a 
co n tro lled  in te rna l tem p e ra tu re  o f  4 5 ° c  and  a  lim itin g  a m b ien t o p e ra tin g  tem p era tu re
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o f  4 0 ° c .  C h a n g e s  in  a m b ie n t tem p e ra tu re  affec t th e  tra n sd u c e r  re a d in g . T h e  d a ta  ac ­
q u is itio n  an d  co n tro l sy s tem  is used  to  co n tro l th e  p u m p  and  v a lv e  o p e ra tio n , and  a l­
so record  re a d in g s  fro m  th e  tran sd u ce r and  th e rm o co u p le s . T h e  th e rm o c o u p le s  p ro ­
v ide te m p e ra tu re  in fo rm a tio n  to  en ab le  an a ly sis  o f  th e  data .

Figure 2.4 S ch em atic  o f  H E P  assem b ly  (M cK een , L a lo n d e  et al. 2 0 0 7 ).

A fte r a p red e te rm in e d  p ressu re  is re a c h e d , 2 000  P a  is reco m m en d ed  
as the p re ssu re  ran g e  th a t is in d ep en d en t o f  h y d ro g en  p ressu re , th e  d a ta  acq u is itio n  
and co n tro l sy s tem  w o u ld  au to m a tica lly  rep ea t th e  te s t cyc le . T h e  v acu u m  p u m p  
sw itch es o n  to  ev ac u a te  th e  m easu rin g  v o lu m e  an d  re s ta rt th e  cy c le  (M cK een , 
L a lo n d e  et al. 2007).

S in ce  2 0 0 1 , A to m ic  E n erg y  o f  C a n a d a  L im ited  (A E C L ) has p e r ­
fo rm ed  a se rie s  o f  loop  ex p e rim e n ts  fu n d ed  by th e  C A N D lC  O w n e rs  G ro u p  Inc. 
(C O G ). T h e  o b jec tiv e  o f  th is  e x p e rim en t is to  s tu d y  th e  F A C  p ro c e ss  th a t cau ses 
feeder w all th in n in g  in th e  p rim ary  h ea t tran sp o rt sy s tem  o f  C A N D U  reac to rs . T h e  
resu lts  d e m o n s tra te  th a t th e  ra te  o f  the  F A C  p ro cess  in  th e  tu b e  c a n  be  ex am in ed  o n ­
line by m e a su rin g  the  ra te  o f  h y d ro g en  th a t is p ro d u c e d  from  the  F A C  p ro cess , w h ich  
e ffu ses th ro u g h  the  p ip e  w all. C o n seq u en tly , th is in fo rm a tio n  led to  th e  d e v e lo p m en t 
o f  a H y d ro g en  E ffu sio n  P ro b e  for m o n ito rin g  o f  F A C .
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Figure 2.5 T h e  H E P  (top ) and  F O L T M  (b o tto m ) in sta lled  o n  feed e r p ip e  a t PL G S 
(M cK een , L a lo n d e  e t al. 2007).

In  2 0 0 6 , the  C en tre  for N u c le a r E nergy  R esea rch  (C N E R ) has been  
co n d u c tin g  H E P  ex p e rim en ts . T h e  o b jec tiv e  o f  th is  p ro jec t w as  to  d e s ig n  an d  bu ild  
an  H E P  th a t co u ld  be in s ta lled  on  an o u tle t feed e r p ipe at th e  P o in t L ep reau  G en e ra t­
ing  S ta tio n  (P L G S ) and  w a te r  w all tu b in g  a t the  C o le so n  C o v e  G e n e ra tin g  S ta tion  
(C C ). F ig u re  2.5 sh o w s  the  H E P  in sta lled  on  a  feed e r p ip e  a t th e  P L G S . L eak  tests  o f  
the  H E P  w ere  p e rfo rm e d  p r io r  to  start-up , and  leak  ra te s  o f  5 P a /d ay  w h ich  rep re ­
sen ts  o n ly  a  0 .2 5 %  co n trib u tio n  w ere  d e te rm in ed . D a ta  from  th e  P L G S  in d ica te  that 
the  H E P  can  p ro v id e  an  o n -lin e  in d irec t m ea su re m e n t o f  th e  feed e r w all th in n in g  rate  
w h ich  is a p p ro x im a te ly  60 p m  p e r year. T h is  feed er w all th in n in g  ra te  can  be c o m ­
p ared  w ith  the  ra te  m easu red  by  the  F O L T M , w h ich  w as in s ta lled  n ex t to  the  H E P 
for th e  sam e  p e r io d  o f  tim e. T h e  d a ta  in d ica ted  th a t the  fe e d e r w all th in n in g  ra te  from  
b o th  d ev ices  w as in  ag reem en t.

A lth o u g h  th e  ac c u ra cy  o f  th is  ra te  has n o t y e t been  q u an tif ied , the 
feed e r w all th in n in g  ra te  is co n s is te n t w ith  th e  ex p ec ted  ra te  fo r a  s tra ig h t len g th  o f  
o u tle t fe e d e r p ipe . T h e  d a ta  fro m  th is e x p e rim en t a lso  su g g e s t th a t the  H E P  is ab le  to 
d e tec t sm all c h a n g e s  in  the  F A C  rate  o v e r sh o rt p e rio d s  o f  tim e . T h e  ab ility  to  m o n i­
to r n o t o n ly  the  co rro s io n  o f  c a rb o n  steel o u tle t feed e r p ip e  b u t a lso  c h a n g e s  to the 
re d u c in g /o x id iz in g  (red o x ) ch em is try  m ay  be p o ssib le .
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2.4 Fundamental Law of Diffusion for Hydrogen

2.4 .1  S ie v e rt’s L aw
H y d ro g en  p e rm e a tio n  th ro u g h  m em b ran es  has b een  m o d e le d  u s in g  the 

so lu tio n -d iffu s io n  ap p ro ach , in w h ich  th e  h y d ro g en  m o lecu le s  d is so c ia tiv e ly  ab so rb  
on  the  m e ta l su rface , a d so rb  in to  and  d iffu se  th ro u g h  th e  bu lk  in  a to m ic  H fo rm , and  
reco m b in e  an d  d eso rb  as m o lecu la r  h y d ro g en  at th e  p e rm ea te  side . W h en  d iffu s io n  o f  
h y d ro g en  a to m s  th ro u g h  th e  bu lk  m eta l is the ra te  lim itin g  step  an d  th e re  are no su r­
face e ffec ts  o n  bo th  s id e s  o f  the spec im en , h y d ro g en  p e rm e a tio n  flu x  is at s tead y  
sta te , J  (m o l/m 2s), and  can  be d esc rib ed  by  S ie v e rt’s law :

J  = 7  (1/ พ - 1/ พ ั) -  <2-9»
w here  Q  is th e  p e rm eab ility  o f  h y d ro g en  th ro u g h  th e  m em b ran e  (m o l/m .s .P a 0 5),

L is  th e  m em b ran e  th ick n ess  (m ), and
PH an d  PH1 a re  th e  feed  and  p e rm ea te  s id e  o f  h y d ro g en  p a rtia l p ressu re  

re sp ec tiv e ly .

T h e  d e riv a tio n  o f  S ie v e rt’s law  also  a ssu m e s  th a t th e  su rface  c o v e rag e  
o f  h y d ro g e n  at b o th  the  feed  and  p e rm ea te  sides o f  th e  m em b ran e  is in  eq u ilib riu m  
w ith  the  re sp e c tiv e  flu id  p h ase s , and  th a t the  ad so rp tio n  e q u ilib r iu m  co n s tan t is the  
sam e on  b o th  sides:

C  =  K P ™ ,  (2 .1 0 )

w h ere  c  is th e  p e rm eab ility  a to m ic  h y d ro g en  c o n c e n tra tio n  on  th e  m em b ran e  
su rface ,
K  is th e  d isso c ia tiv e  ad so rp tio n  eq u ilib riu m  c o n s ta n t and  
PH2 is th e  h y d ro g e n  partia l p ressu re .

T h e  0.5 e x p o n e n t co m es from  d isso c ia tiv e  a d so rp tio n  o f  a d ia to m ic  
m o lecu le  an d  g iv es  th e  sq u a re  roo t o f  h y d ro g en  p re ssu re  in  the  flu x  e q u a tio n  ab o v e .
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N u m e ro u s  m easu rem en ts  o f  S iev e rt and  o th e rs  p ro v e  th a t th e  so lu b ili­
ty  o f  g ases h a v in g  d ia to m ic  m o lecu les  is p ro p o rtio n a l to  th e  sq u are  o f  th e  h y d ro g en  
g as  p ressu re . A c c o rd in g  to  H e n ry ’s law , i f  th e  m o le c u la r  co n d itio n  o f  th e  h y d ro g en  
gas in the  m e ta l is the  g a seo u s  s ta te  the so lu b ility  sh o u ld  be p ro p o rtio n a l to the h y ­
d ro g en  p re ssu re , w h ich  m ay  be exp ressed  by  the  eq u a tio n

PH 2 =  k C „ 7 (2 .1 1 )

w h e re  PH is th e  h y d ro g en  partia l p ressure .

C H is th e  c o n c e n tra tio n  o f  m o lecu la r  h y d ro g en  in th e  m eta l.

O n  the  o th e r hand  i f  the h y d ro g en  gas in  so lu tio n  can  be  a ssu m ed  to  
be  d isso c ia ted , th e  e q u ilib r iu m  b e tw een  a to m ic  and  m o le c u la r  h y d ro g e n  in  the  m etal 
is th en  e x p re sse d  by th e  eq u a tio n :

c „  1 = * 1 i c j (2 .1 2 )

an d  fro m  e q u a tio n  (2 .1 1 )

p 111 =  k C H1 = k k ]( C H f (2 .1 3 )

or

cH  =  k 2 tJ PH2 (2 .1 4 )

T h e  so lu b ility  w o u ld , th e re fo re , be p ro p o rtio n a l to  th e  sq u a re  ro o t o f  
th e  p ressu re . S in ce  the  ra te  o f  d iffu s io n  w ill d ep en d  on  th e  c o n c e n tra tio n  o f  gas in  the  
m eta l it m ay  b e  ex p ec ted  th a t d iffu s io n  w ill be p ro p o rtio n a l to  th e  sq u a re  roo t o f  th e  
gas p re ssu re  w h ich  is in  a g re e m e n t w ith  th e  ex p e rim en ta l re su lts  as sh o w n  in F igu re
2 .6  fo r h y d ro g e n /iro n  sy stem .
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Diffusion of hydrogen through iron (Borelius and Lindblom)

Figure 2.6 D iffu s io n  o f  h y d ro g en  th ro u g h  iron ; B o re liu s  and  L in d b lo m  (S m ith e lls  
and  R an s ley  1935).

S ie v e r f s  law  is w id e ly  ap p lied  in  an a ly z in g  h y d ro g e n  p erm ea tio n  
th ro u g h  m e m b ran es , e v en  in so m e  cases w h ere  th e  a ssu m p tio n s  m ad e  in  d eriv in g  
S ie v e r t’s law  are  n o t valid .

2 .4 .2  M e c h a n ism  o f  H y d ro g en  T ran sp o rt T h ro u g h  M e ta ls
H y d ro g e n  p e rm ea tio n  in m eta ls  an d  a llo y s  is a  c o m p lic a te d  p h e n o m e ­

non. It is o ften  a ssu m e d  tha t th e  su rface  p ro cesse s  p lay  an  in s ig n if ic a n t ro le  in the 
gas p e rm e a tio n  th ro u g h  m e ta ls  and  a lloys s in ce  it is c o n s id e re d  th a t th ey  a re  m uch  
fas te r th a n  th e  d iffu s io n  i ts e lf  (A d d ach , B erço t et al. 2005).

In a d d itio n  to  its d iffu s io n  th ro u g h  the  bu lk  m e ta l, the  p e rm ea tio n  o f  
h y d ro g e n  th ro u g h  s tee ls  in v o lv es  its en trance  a t o n e  su rface  an d  its ex it a t th e  o th er 
su rface  o f  th e  sp ec im en . T here  a re  sev en  steps th a t take  p lace  b e fo re  th e  h y d ro g en  is 
d e tec ted  o n  th e  o u tp u t side  o f  th e  specim en . F ig u re  2 .7  sh o w s  the  sev en  steps that 
take  p la c e  in  the  p e rm e a tio n  o f  a  h y d ro g en  iso to p e  th ro u g h  a m e ta llic  m em b ran e .
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Figure 2.7  S ev en  steps o f  h y d ro g e n  p e rm ea tio n  (S to n e  1981).

T h is  m odel tak es  into acco u n t the  p re sen ce  o f  su rface  f ilm s  on both  
th e  in p u t and  o u tp u t side o f  th e  specim en . T h e  sev en  s tep s  are:

1. A d so rp tio n  o f  h y d ro g en  m o lecu le  on  the  su rface .
2. D isso c ia tio n  o f  th e  ad so rb ed  m o lecu le  on  th e  su rface .
3. P e rm ea tio n  o f  d isso c ia ted  a to m s th ro u g h  th e  su rfa c e  film  (o x id e ).
4. P e rm ea tio n  o f  a to m s th ro u g h  the  m eta l.
5. P e rm ea tio n  o f  a to m s th ro u g h  th e  film  on  th e  o u tp u t side.
6. R e a sso c ia tio n  o f  a to m s to fo rm  H t m o lecu le .
7. D e so rp tio n  o f  th e  rea sso c ia ted  H 2 m o lecu le .

I f  h y d ro g en  is p resen ted  to  th e  m e ta l su rface  b y  e le c tro c h em ic a l d ep o ­
s itio n  o r by  m e a n s  o f  a  p a rtia lly  d isso c ia ted  a n d /o r  io n ized  h y d ro g e n  g a s , th e  d isso c i­
a tio n  step  is av o id ed . T h e re fo re  in  the case  o f  c o rro s io n , h y d ro g e n  is p ro d u c e d  as h y ­
d ro g en  a to m s w h ic h  d irec tly  ab so rb  and  d iffu se  th ro u g h  th e  steel.

In  th e  case  o f  co rro sio n  in  C A N D U  re a c to rs , h y d ro g e n  is p ro d u ced  as 
h y d ro g e n  a to m s as a co n seq u en ce  o f  flo w  ac c e le ra te d  c o rro s io n  (F A C ). T h ere fo re  
h y d ro g e n  is p re se n t at th e  m e ta l su rface  as a to m ic  h y d ro g e n  w h ich  d ire c tly  adso rbs 
an d  d iffu ses  th ro u g h  the m eta l, th e  d isso c ia tio n  step  is sk ip p ed .
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2.4 .3  H y d ro g en  D iffu s iv ity  in O x id e  F ilm s
R esu lts  from  s tu d ies  o f  th e  p e rm ea tio n  o f  h y d ro g en  th ro u g h  

p a ss iv a tin g  film s (P y u n  and  O rian i 1989) in d ica ted  th a t h y d ro g e n  tran sp o rt th ro u g h  
the  p a ss iv a ted  sp ec im en s  is s ig n ific an tly  re ta rd e d  by th e  o x id e  film s  in  th e  case  o f  
iron. M an y  y ears  la ter, p . B ru zzo n i (B ru zzo n i, C arran za  e t al. 1999; B ruzzon i, 
C a rran za  e t al. 1999) in d ica ted  th a t a d iffu s io n  co e ffic ien t o f  h y d ro g e n  in  an  ox ide 
lay e r is v e ry  sm all o r severa l o rd e rs  o f  m a g n itu d e  lo w er th an  iron . T h e re fo re  m o st o f  
the  h y d ro g en  th a t is p ro d u ced  at th e  m e ta l/o x id e  in te rface  b y  F A C  e ffu se s  th ro u g h  
the  m e ta l, n o t th ro u g h  the  ox id e  film .

T h in  ox id e  film s are  sh o w n  to  be ex ce llen t b a rrie rs  ag a in s t h y d ro g en  
d iffu s io n . T he  d iffu s io n  co e ffic ien ts  o f  the o x id e  film s are  in  ran g e  o f  1 .8 -6 6 x l0 '17 
cm 2/s  w h ile  the d iffu s io n  co e ffic ien t o f  steel is ab o u t 1(T8 c m 2/s. T h e  v a lu e  o f  the  d if­
fu sio n  co e ffic ien t fo r the  ox id e  d ep en d s on  its ch em ica l c o m p o s itio n , and  th ick n ess  
d u e  to  ch an g es  in  ch em ica l c o m p o sitio n  o f  th e  o x id e  w ith  th ic k n e ss . S u b stra te  and 
o x id e  g ra in  size had  no  e ffec t on  d iffu s io n  ra te  (P ig g o tt and  S ia rk o w sk i 1972).

F o r s tu d y in g  the  h y d ro g en  p e rm e a tio n  th ro u g h  m e ta llic  sam p les , a 
n e cessa ry  req u irem en t is that the  h y d ro g en  p e rm e a tio n  ra te  be  c o n tro lle d  by  d iffu s io n  
in  th e  m a te ria l o f  th e  sp ec im en  n o t by su rface  reac tio n . O x id e  film s, u su a lly  p resen t 
on  a  m e ta l su rface , lo w er th e  d eg ree  o f  h y d ro g e n  d isso c ia tio n  an d  th e  p e rm ea tio n  
flux . T h is  e ffec t has b een  a ttr ib u ted  to su rface  p h en o m en a . S ig n if ic a n t red u c tio n s  in 
the h y d ro g e n  p e rm ea tio n  rate  are  ach iev ed  ev en  w ith  very  th in  film s. T h e  rem o v a l o f  
the  su rfa c e  lay ers  th a t re tard  the  h y d ro g en  p a ssa g e  from  th e  sp e c im e n  is a  n ecessa ry  
c o n d itio n  fo r h y d ro g e n  d iffu s iv ity  m easu rem en t in  m etals.

S C H O M B E R G  an d  G R A B K E  (1 9 9 6 ) s tu d ie d  th e  h y d ro g e n  p e rm e a ­
tio n  in  the  p a ss iv e  film  on  iron  fo rm ed  by ch e m ic a l p o lish in g . T h e  re su lts  in d ica ted  
th a t th e  film  is n ea rly  im p e rm eab le  for h y d ro g en , ev en  i f  th e  h y d ro g e n  is in  th e  a to m ­
ic o r  p ro to n ic  sta te . T h ey  su g g ested  tha t i f  th e  o x id e  film s w e re  s itu a ted  on  the  h y ­
d ro g en  en try  side , th e  su rface  reac tio n  o r h y d ro g e n  d is so c ia tio n  w o u ld  be s tro n g ly  
re ta rd ed  and  h y d ro g en  up take  w o u ld  no t be p o ss ib le . O n  th e  o th e r  h an d , h y d ro g en  
u p tak e  an d  p e rm ea tio n  o f  the  o x id e  film  m ay  be  p o ss ib le  i f  th e  h y d ro g e n  a rriv in g  at 
the  iro n /o x id e  in te rface  is in  an  a to m ic /p ro to n ic  state .
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T h e  s tu d y  o f  h y d ro g en  d iffu s io n  th ro u g h  stee l w ith o u t ox id e  film  
(L ee la san g sa i 2 009) fo u n d  tha t the  h y d ro g en  p re ssu re  a fte r  the  re m o v a l o f  o x id e  film  
d ro p p ed  rap id ly . L ee la san g sa i (2009) su g g ested  th a t th e  h y d ro g e n  d iffu s io n  th ro u g h  
steel p ip e  is red u ced  by  o x id e  film  fo rm ed  on  b o th  o u ts id e  and  in s id e  su rfaces. T he  
ox id e  film  ac ts  as a s ig n ific a n t b a rrie r to  h y d ro g en  tran sp o rt.

2.5 Iron Oxides

Iro n  o x id es are  a  co m m o n  co m p o u n d  w h ic h  are  w id e sp re a d  in  n a tu re  and  
a lso  can  b e  sy n th esize  in  th e  lab o ra to ry . T here  a re  16 ty p es  o f  iro n  o x id es , th ese  are 
co n s is tin g  o f  o x id e , h y d ro x id e  and  o x id e -h y d ro x id e  as sh o w  in th e  T ab le  2 .1 .

Table 2.1 T h e  iron  o x id es  (C ornell an d  S ch w e rtm a n n  2003)

O x id e -h y d r o x id e s  a n d  h y d r o x id e s O x id e s
Goethite a -F e O O H Hematite a - F e 3o  3
Lepidocrocite y -F e O O H Magnetite F e s( ) 4 (F e"  F e" '0 , )

Akaganéite P -F e O O H Maghemite y -F e 2o 3
Schwertmannite F e t60 16(O H )y (S O j) ,n H 20 P -F e 20 3
5-FeOOH E -F e20  J
Feroxyhyte Ô ’-F e O O H  
High pressure F e O O H  
Ferrihydrite F e5H 0 H-4H 20  
Bernal ite F e (O H )3 
F e (O H )2
Green Rusts F e"1 F e " (O H )„ ,2, J A - ) 1 ; A ' = c r , '/ะ s o 2,

Wiistite F eO

T h e  o x id es  a re  co m p o sed  o f  iro n  (F e) to g e th e r  w ith  o x y g e n  (O ). Iron  o x id es  
are  u su a lly  fo u n d  in th e  tr iv a le n t s ta te  (co n ta in  F e (II)); th ese  o x id e s  w h ich  are F eO , 
F e (O H ) 2  an d  F e 3 Û 4 (F eO  F e 2 0 3 ). N o rm a lly  iron  o x id e s  c o n s is t o f  c lo se  p ack ed  a r ­
rays o f  an io n  (u su a lly  as a  h ex ag o n a l (h ep ) o r cu b ic  c lo se  p a c k in g  (ccp ). In w h ich  the  
in te rstitia l is p a rtly  f illed  w ith  d iv a len t o r tr iv a len t Fe. S om e ty p e s  o f  o x id e  are d e ­
scribed  be lo w :
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H em atite  (a -F e2Û 3) :  H em atite  is th e  o ld est k n o w n  F e  o x id e  m in era l; it is 
w id esp read  in  ro ck s  an d  so ils . T h e  co lo r o f  th is  o x ide  is b lo o d -re d  (H a im a  = b lood  in 
G reek ). H em atite  h as  the  co ru n d u m  ((X-AI2 O 3 ) s tru c tu re  w h ich  is b ased  on  hep  an ion  
p ack in g . H em a tite  is ex tre m e ly  stab le  an d  o ften  the en d  m e m b e r o f  tran sfo rm a tio n s  
o f  o th e r iron  o x id es .

T h e  c o m m o n e s t h ab its  fo r h em a tite  c ry sta ls  are  rh o m b o h e d ra l, p la ty  and  
ro u n d ed . T he  p la te s  v ary  in th ick n ess  and  can  be round , h ex ag o n a l o r  o f  irreg u la r 
shape . T h ese  h ab its  d ep en d  on  h y d ro th e rm al co n d itio n s . T h e  c ry sta l s tru c tu re  o f  
h em a tite  has a less d irec tio n  e ffec t on c ry sta l h ab it than  g o e th ite  and  fo r th is  reason; 
the  h a b it o f  h e m a tite  is read ily  m od ified . In  m o st cases o f  sy n th e s iz e d  h em a tite  c ry s­
ta ls , th e  crysta l faces  th a t en c lo se  the  c ry s ta ls  hav e  no t b een  id en tified .

Figure 2.8 M icaceo u s  h em a tite  from  W este rn  A u s tra a lia  (C o u rte sy  R. G io v an o li, 
re fe ren ced  in T h e  Iro n  O x id es: S truc tu re , P ro p e rtie s , R e a c tio n s , O cc u re n ce s  and 
U es).
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4 1 8  4 2 /  1 2 8
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Figure 2 .9  C ry sta l fo rm s o f  p la ty  and  rh o m b o h ed ra l h em a tite  (C o u rte sy  H. S tan jek , 
re fe ren ced  in  T h e  Iron  O x id es: S tru c tu re , P ro p ertie s , R eac tio n s , O c cu ren ces  and  
U es).

M agn etite  (F e jO ^ :  M ag n e tite  is a  b lack , fe rr im a g n e tic  m in e ra l co n ta in in g  
bo th  F e(II) and  F e(III). T h e  s tru c tu re  o f  th is  type o f  o x id e  is an  in v e rse  spinel. M ag ­
n e tite  and  tita n o m a g n e tite  a re  re sp o n s ib le  o f  m ag n e tic  p ro p e rtie s  o f  rocks. M ag n e tite  
o ccu rs  c o m m o n ly  as o c tah ed ra l c ry s ta ls  b o u n d ed  by  {111} p la n e s  and  as rh o m b o - 
d o d ecah ed ra . T w in n in g  o ccu rs  on  the  {111} p lan e  an d  cu b ic  te rra c e  w ith  th e ir  ed g e  
p a ra lle l to  [110] w as fo u n d  on  (100) face . T he te rra c e s  are o rien ted  a long  th e  m a in  
c ry s ta llo g rap h ic  d irec tio n . T h ese  s tru c tu re s  can  be  ex am in ed  by S E M  techn ique .

Figure 2.10 C rysta l fo rm s  o f  m ag n e tite  a), c) o c tah ed ro n ; b ) rh o m b o d ecah ed ro n ; d) 
tw in .(R o s to v , 1968, re fe ren ced  in T he Iro n  O x id es: S tru c tu re , P ro p e rtie s , R eac tions. 
O ccu ren ces  and  U ses).
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M agh em ite  (y-F e20s):  M ag h em ite  is a  red -b ro w n , fe rr im a g n e tic  m in era l 
iso s tru c tu ra l w ith  m a g n e tite , b u t w ith  ca tio n  d e f ic ie n t sites. It o ccu rs  as  a  w ea th e rin g  
o r h ea tin g  p ro d u c t o f  o th e r F e o x id es . M a g h e m ite  is u su a lly  fo rm ed  by  so lid  state  
tran sfo rm a tio n  fro m  a n o th e r iron  o x id e  o r iron  co m p o u n d  an d  a lm o st a lw ay s adop ts 
the  h ab it o f  its p recu rso r; th e re fo re , m o rp h o lo g y  o f  m ag h e m ite  w ill d e p e n d  on the 
s ta rtin g  m ate ria l. M ag h em ite  fo rm ed  by  o x id a tio n  o f  m ag n e tite  can  be  e ith e r  cub ic  or 
irreg u la r  m a g h e m ite  p a rtic le s  d ep en d in g  on  th e  m o rp h o lo g y  o f  th e  p a re n t m ateria l.

W iistite (F eO ): W tistite  is a  b la c k -c o lo r  iron  o x id e  w h ich  co n ta in s  on ly  d i­
v a len t Fe. It is u su a lly  n o n -s to ich io m e tric  (O -d e fic ien t). It has s im ila r  s tru c tu re  as 
N aC l an d  b ased  on  ccp  an io n  p ack in g . It is a lso  an  im p o rtan t in te rm ed ia te  in the re ­
d u c tio n  o f  iron  o res. W iistite  is th e rm o d y n a m ic a lly  u n s tab le  b e lo w  570°c (G askell 
1981), b e lo w  th is  tem p e ra tu re , W iistite  is d eco m p o sed  in to  a  m ix tu re  o f  Fe and 
F e 3 0 4  (L eco u rt 1996). T h e  basic  m o rp h o lo g y  o f  w iistite  is cu b ic ; h o w ev er, th is  c o m ­
p o u n d  is freq u en tly  o b ta in ed  as very  ir re g u la r  p a rtic les . It is fo rm ed  as irreg u la r 
ro u n d ed  c ry sta ls  2 0 -1 0 0  p m  ac ro ss  by re d u c tio n  o f  h e m a tite  w ith  FI2 /H 2 O  at 8 0 0 ° c  
(M o u k ass i e t a l., 1984 re fe ren ced  in  T he Iro n  O x id es: S tru c tu re , P ro p e rtie s , R eac ­
tio n s, O ccu ren ces  an d  U ses).

2.5.1 T h e rm o d y n a m ic s  o f  the  F e - 0  S y stem

w h ere  X  and  y  a re  in teg e rs , M  m e ta ls , and  M xOy th e  m eta l o x id es . T h e  ch an g e  in  free 
en e rg y , A G , can  b e  e x p re sse d  as (G ask e ll 1981 )

T h e rm o d y n a m ic a lly , o x id a tio n  reac tio n s  w ith  a ir o r  o x y g e n  can  be
rep re sen ted  by:

(2 .1 5 )

AG =  A G muk -  A G 1 (2 .1 6 )

AG = A G ° ( M xO y ) - ^ - R T  In p  02 (2 .1 7 )

AG = R T \  np°a  2 -  ^ R T \ n p  02 (2 .1 8 )
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A G  =  — /?7T n
\ P o > j

(2 .19 )

W here  P o  is the o x y g e n  p ressu re  at eq u ilib riu m  an d  p 0 is th e  in itia l o x y g en  p re s ­

sure. I f  th e  v a lu e  o f  Pfh is h ig h e r th an  p °0 i , AG b eco m es n e g a tiv e  and  su b seq u en tly  

the  m eta l o x ide  is fo rm ed . W hen  AG is equal to  ze ro , p 0o is c a lle d  the  d isso c ia tio n

o x y g en  p ressu re . S in ce  th is  critica l v a lu e  in c rea se s  as the  te m p e ra tu re  in c reases, o x i­
d a tio n  b eco m es m o re  fav o rab le  w ith  in c reased  tem p era tu re .

P re d ic tio n  o f  w h ich  Fe o x id e  w ill fo rm  u n d e r p a r tic u la r  co n d itio n s  is 
o ften  im p o rtan t fo r p la n n in g  lab o ra to ry  or in d u stria l sy n th eses . T h e  ch an g e  in  free 
en erg y , A G  can  p ro v id e  in fo rm a tio n  ab o u t w h ich  co m p o u n d s  a re  th e rm o d y n am ica lly  
feasib le  u n d e r g iv e n  co n d itio n s . T h e  free en e rg y  o r ch em ica l p o ten tia l is the d riv in g  
force  o f  th e  reac tio n  an d  d ec reases  u n til the sy stem  is at eq u ilib riu m . I f  th e  free  e n e r­
gy ch an g e  is n eg a tiv e , th e re fo re , th e  p ro d u c ts  are  s tab le  w ith  re sp e c t to  the  reac tan ts .

T o ca lc u la te  the to ta l free  en e rg y  ch an g e  o f  re a c tio n . A G , it is n e c e s­
sary  to  k n o w  th e  s ta n d a rd  m o la r free  e n e rg y  o f  fo rm a tio n , A G ° , o f  each  co m p o n en t 
in v o lv ed  in  the  reac tio n . F o r a so lid , th e  s tan d ard  s ta te  re fe rs  to  a  p u re  su b stan ce  in 
its m o st s tab le  fo rm  u n d e r re fe ren ce  co n d itio n  o f  p re ssu re  an d  tem p e ra tu re , 0.1 M P a 
and  2 5 ° c  (2 8 9 .1 5  K ).

T ab le  2 .2  lists  the  A G ° , AH °  and  Aร 0 v a lu es  fo r  th e  iron  o x id es , and 
T ab le  2.3 fo r th e  so lu b le  F e sp ec ies  w ith  o th e r co m p o u n d s  o r e lem en ts  in v o lv ed  and 
n eed ed  fo r c a lc u la tin g  th e  free  e n e rg y  ch an g e  o f  re ac tio n  in v o lv in g  th e  fo rm a tio n  o f  
iron  o x id es .
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Table 2.2 Standard free energies, enthalpies and entropies of formation of iron ox­
ides at 0.1 MPa and 298 K (Cornell and Schwertmann 2003)

S olid
7 l r kj m o r ' i c ' ; ; i r

S ou rce

Coethite 559.3 60.5 488.6 1
488.8 2
482.9 3

562.9 60.38° 492.1 4
Lepidocrocite 477.7 5

554.6 11
5 56.4 62.5 486.3 1 2&

Akaganéite 752.7 6
557.6 11

Ferrihydrite 699 3
{ 712)

Fe(OH)2 569 87.9 486 7
568.8 79.59 484.2 8

492 3
Hematite 824.6 87.4 742.7 1

823.13 90.06 741.8 8
828.2 87.7 746.2 9
826.2 87.4 744.3 10. 16

Magnetite -1115.7 146.1 1012.6 1. 10
1118.4 146.6 1015.1 8
1119.5 145.9 1016.1 9

h-Magnetite 945.79 17
Maghemite 711.14 3
Maghemite, 812.7 11

805.8 87.4 723.9 13&:
Maghemitetu1,, -812.3 11

805.8 91.4 725.1 13&;
FeO 272 59.8 251 1

-264.0 -243.5 18
Wiistite 266.3 54.03 244.6 8

272 60.82 251.74 9
Green Rust*-so* 3795± 15 14
Ditto 3669 ± 4 15
Green Rust**“C] 2146 ± 5 14
Green RusC-CO, 3590+ 10 14
1) Kobie et at., 1978; 2) Berner, 1969; 3) Langmuir, 1969. 1971: 4) Diakonov et a!.. 1994; ร) Van Schuylen- 
borgh. 1973: 6) Calc, by Murray, 1979; 7) Wagman ft al., 1982: 8) Carrels & Christ, 1%5: 9) Hdgeson, 
1969; 10) Hemingway. 1990. 11) Laberty & Navrotsky, 1998; 12) Diakonov, 1998; 13) Diakonov 1998a;
14) Refait et al. 1999: 15) Hansen et a). 1994: 16) O’Neill, 1988: 17) Stolen & Gronvoid. (1996); 18) Haa- 
vik et al. (2000)
* Kei'Fej"(OH)l2ร0 4; ** Fel31Fe1"(OH)sCl: + l'e"i’e("|01 l|,,C O v I computed from Lindsay (1979)
0 natural sample : ร. calculated
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Table 2.3 Standard free energies, enthalpies and entropies for soluble Fe and some 
other species at 298 K (Cornell and Schwertmann 2003)

S p e c ie s A H 0 
kj m o t ’

AS0
kj m o F 'K T 1

A ๙  
kj m o l~ }

S ou rce

Fe,+ 49.6 277 17.2 6
47.75 293 10.55 2

1683 3
Fe2* 89.1 138 78.8 2
Fti-OH' ' 324 29.2 229.4 2

240.2 4
Fe(O H j) 438 2
Feq'OFfiT 467.3 2
Fe(OH): 1050 74 845 5

814.6 1
F e O If 277.3 2
h 2o , 238.2 2
OH 230 10.75 157.5 2
IT 0
I T 0 130.6 0 2
0 .! g 0 205 0 2
o ,  aq. 11.7 111 16.32 2

27.3
Fe 0 27.3 0 2
1) Langmuir, 1969; 2) พ agrrian et at, 1982; 3) Garrels & Christ, 1965; 4) Baes &  Mess H ier, 1976; 
5) Diakunuv et ai. 1999; 6) Shock & Helgeson, 1988.

2.5.2 Stability of Iron Oxide
The lists of Standard free energies, enthalpies and entropies can also 

be used to calculate the relative stabilities of the different iron oxides. The stability 
domains of these compounds are commonly plotted as functions of two variables, the 
most important of which are pFI, Eh, temperature and p0 . A stability diagrams pro­
vides a guide to what compound may form under any particular conditions.

Stability diagrams frequently involve the hematite/magnetite pair. The 
variables used depend upon whether the oxidation of magnetite to hematite is written 
in terms of c>2 or H20. However, the data plotted in stability diagram may not be in 
accord with that actually observed. The reasons for this are: first, meta-stable phases
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can exist for long periods of time and second, the thermodynamic data available may 
not apply to the existing phases. Also the stability of the oxide may depend on parti­
cle size and therefore surface energy must be taken into account. Figures 2.11- 2.13 
show the stability domain for iron and iron oxide as a function of temperature and 
oxygen content (Fe-0 phase diagrams). The phase diagrams are for the system at 
equilibrium; therefore, a phase observed at a high temperature may be different than 
that predicted by the equilibrium phase diagram because equilibrium has not been 
achieved.

Weight percent oxygen
0 1 0.3 0 5 20 25 30 3b 40

Atomic percent oxygen

Figure 2.11 Equilibrium phase diagram for the iron-oxygen system (Flansen, 
Anderko et al. 1965).
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Temperature

°c

magnetite + oxide melt magnetite

Oxygen content / g kg 1

Figure 2.12 Phase diagram of the Fe-0 system (Bogbandy & Engell, 1971, refer­
enced in The Iron Oxides: Structure, Properties, Reactions, Occurences and Uses).

RATIO O /Fe

Figure 2.13 The iron-oxygen phase diagram (Kofstad 1988).
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The Ellingham/Richardson diagram explains the variation of the 
standard free energy for the formation of the oxides as a function of temperature. The 
case of iron oxidation is shown in Figure 2.14 (Gaskell 1981). For oxidation above 
570°c, wustite is more stable than magnetite. This means that wustite will likely de­
compose into iron and magnetite below 570°c.

rc -*--273 0 200 400 600 800 1000 1 200 1300 1400 1600 1800

Figure 2.14 The Ellingham/Richardson diagram for iron oxides (Gaskell 1981).

2.5.3 Oxidation Mechanism of Iron
The mechanism of iron oxidation can divided into two stages; 1 ) ini­

tial oxidation, initially proceeding at a linear rate, followed by a parabolic rate of ox­
idation, and 2 ) diffusion-controlled oxidation by ionic species through the newly 
formed oxide layer (Davies, Simnad et al. 1951; Abuluwefa, Guthrie et al. 1996).

The initial stage of iron oxidation can be divided into four reactions as 
illustrated in Figure 2.15: a) chemisorption of oxygen, b) formation of a fine mosaic 
layer, c) growth of the oxide crystal, and d) appearance of the second layer 
(Gulbransen and Ruka 1952). In oxidation below 570°c, the overall oxidation rate is 
controlled by the growth rate of Fe3C>4. At intermediate temperatures between 350 
and 500°c, Fe3Û4 nucleates and grows laterally over the surface. Once the thin layer
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is completely covered, the growth rate of Fe30 4  is parabolic. Due to the lower effec­
tive p() at the Fe30 4  surface, the growth rate of Fe30 4  is slow, and nucléation and 
lateral growth by Fe2 0 3 occurs.

ta) (b) (C) (d)

Figure 2.15 Schematic representation of oxide layer growth on iron: (a) chemisorp­
tion of oxygen; (b) the formation of a fine mosaic layer; (c) growth of the oxide crys­
tal; (d) appearance of the second layer (Gulbransen and Ruka 1952).

2.5.4 Formation and Transformation of Iron Oxide
In essence, formation of an oxide involves two basic mechanisms: di­

rect precipitation from Fe(II)- or Fe(III)- containing solution and transformation of 
Fe oxide precursor, either by a dissolution/reprecipitation process or via a solid state 
transformation involving internal rearrangements within the structure of the solid 
precursor. The transformations have an important role in corrosion processes and in 
processes occurring in various natural environments. Transformations without chem­
ical changes are termed isochemical. Transformations that involve chemical modifi­
cation are dehydration (loss of H2O), dehydroxidation (loss of OH) and oxida- 
tion/reduction (a turnover of electrons). Structurally, the transformation processes are 
either topotactic or reconstructive. A topotactic transformation takes place within the 
solid phase. It involves internal atomic rearrangements with a single crystal of the 
initial phase being transformed into a single crystal of another phase. The reconstruc­
tive transformation involves dissolution/reprecipitation which the initial phase
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breakdown (dissolve) completely and the new phase precipitates from solution, 
therefore, no structural relationship between the precursor and product.

Table 2.4 Interconversions among the iron oxides (Cornell and Schwertmann 2003)

Precursor Product Type o f transformation Preferred medium
Goethite Hematite Thermal or mechanical dehydroxylation 

Hydrothermal dehydroxylation
Gas/vacu urn 
Solution

Maghemite Thermal dehydroxylation Air 1 organic
Lepidocrocite Maghemite. Hematite Thermal deitydroxylation Gas/vacuum

Goethite Di ssol ution / rep rec ipj tali on Alkaline solution
Magnetite Reduction Alkaline solution with Fe"

Akaganéite Hematite The nna 1 de hy d roxyl at i OI1 Gas/vacuum
Goethite. Dissolution/ rep rec 1 p 1 ia l i 0 1 1 Alkaline solution
Hematite Dissolution/reprecipi tation Acid solution
Magnetite Dissol ution/reduction Alkaline solution with NjHi

d-FeOOH Hematite Thermal dehydroxylation Gas/vacuum
Feroxyhyle Goelh ite Di ssol ution j rep rec ipj tation Alkaline solution
Ferrihydrite Hematite, Maghemite Thermal dehydra tion/dehydroxylation Gas/vacuum

Goethite, Dissolution/reprecipitation Aqueous solution pH 3 14,
Akaganéite, « Ac idic media; presence of cl
Lepidocrocite pH l>, presence of cysteine
Hematite. Aggregation, short-range crystallization 

within ferrihydrite aggregate
Aqueous solution at pH 6 8

Substiluted mag net i te Dissol ution/reprec ipilation Alkaline solution with Mn
Hematite Magnetite Reduction

Reduction-dissolution reprecipitation
Reducing gas
Alkaline solution with N2H„

Magnetite Maghemite, Hematite Oxidation Air
Maghemite Hematite The rm a 1 con ver ร io I ไ Air
Fe(OH)) Magnetite

Goethite,
Lepidocrocite,
Magnetite,
Maghemite

Oxidation N2; Alkaline solution 
Alkaline solution

FeO Magnetite ( t Fej Disproportionation Air

2.5.5 Oxidation of Magnetite to Maghemite or Hematite
In the dry state, magnetite is readily oxidized to maghemite by air. 

Magnetite can change (over years) from black to the brown of maghemite at room 
temperature. At temperatures over 300°c, the transformation proceeds further to 
hematite.
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Oxidation of magnetite under these conditions involves a topotactic 
reaction in which the original crystal morphology is maintained throughout. During 
the reaction, the density of the starting material falls and the weight of the sample 
increases because oxygen is taken up:

4 Fe3Û 4 + 0 2 —* 6Fe20 3 (2.21)

However, no porosity develops and the sample surface area does not
change.

Oxidation to maghemite involves a reduction in the number of Fe at­
oms per unit cell of 32 oxygen ions, from 24 in magnetite to 211/3 in magnetite. The 
reaction proceeds by outward migration of the cations toward the surface of the crys­
tal together with the creation of cation vacancy and the addition of oxygen atoms. At 
the surface the cations are oxidized and interact with adsorbed oxygen to form a rim 
of maghemite.

2.5.6 Kinetics of High Temperature Qxidation/Corrosion of Iron in Gases
Iron reacts chemically with oxygen in air to form a surface film of ox­

ide at temperatures ranging from below room temperature to temperatures of up to 
1000°c. The films formed at room temperature are only a few Â thick and hence are 
invisible, but at higher temperatures, thick scales are produced. This type of corro­
sion involves an oxidation/reduction reaction and occurs in the dry state. The reac­
tion takes place in the oxide layer and the limiting factor is the availability of oxy­
gen.

The formation of an oxide layer is thermodynamically favorable and 
kinetically rapid at room temperature, but as the temperature rises, the free energy of 
oxide formation (originally negative) increases to the point where the metal, oxide 
and oxygen are in equilibrium. At temperatures above this equilibrium, and if the ox­
ygen partial pressure is low enough, the oxide can decompose.

On a freshly cleaned iron surface, oxidation is initially fast, but as the 
oxide layer grows, it acts as a barrier between the interacting species and the reaction
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rate soon falls. The higher the temperature, the thicker the film before the reduction 
in oxidation rate becomes significant.

At high temperatures the oxidation rate k is initially, rectilinear,
X = kt + เท, (2.22)
where X is the thickness of the film, t is the time, and เท is a constant.

With time and increasing film thickness and coherency, the kinetics 
change and the reaction is now controlled by outward diffusion of metal ions and 
electrons across the film, together with possible migration of anions inwards (as 
show in Figure 2.16) A parabolic (Wagner’ร) law is now obeyed.

X2 = kt + m (2.23)

This parabolic law, which indicates that diffusion is rate-limiting, is of 
overwhelming importance for scale formation. Wagner, 1933 (referenced in The Iron 
Oxides: Structure, Properties, Reactions, Occurences and Uses) showed that the par­
abolic scale constant can be calculated using the enthalpy of formation of the corro­
sion product, the electrical conductivity of the protective film and the transport num­
ber of the ions and electrons in the film.

Figure 2.16 Schematic representation of oxidation of iron, p = plane of growth 
(West, 1980, referenced in The Iron Oxides: Structure, Properties, Reactions, 
Occurences and Uses).



31

The parabolic law is obeyed only over the temperature range over 
which a continuous oxide layer forms. Whether or not the oxide layer is coherent de­
pends upon the ratio of the volume of oxide formed to the volume of iron corroded to 
produce the film. For iron, the ratio is 2.1 which indicates that the oxide occupies a 
larger volume than does the amount of iron consumed. Therefore, the film is under 
compression and as it thickens (> 10 nm). stresses and flaws develop. When this 
happens the parabolic law no longer operates and growth may be either quasi linear 
or logarithmic. The different types of possible kinetic plots are shown in Figure 2.17.

Figure 2.17 Plots of the growth laws of oxidation: a) parabolic, b) rectilinear, c) 
quasi-rectilinear, d) logarithmic (West, 1980, referenced in The Iron Oxides: Struc­
ture, Properties, Reactions, Occurences and Uses).

Low temperature (< 400°C) oxidations of iron follow a logarithmic
law,

X  = In ( k t )  (2.24)

The oxidation rate which follows this law is thought to be due to re­
duced electronic conductivity as the film thickens, rather than to cracks in the film.
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2.5.7 Effect of Alloying Elements on Oxidation Rates
The effect of alloy additions on oxidation will depend on the behavior 

of the particular element added with respect to oxidation. If the added element has 
less affinity for oxygen than iron, it will tend to concentrate at the surface and might 
alter the kinetics of the overall oxidation of the alloy. On the other hand, if the added 
element has a higher affinity for oxygen than iron, it will be oxidized preferentially 
and form an oxide product which will alter the oxidation kinetics. An example of this 
is chromium in steel which oxidizes preferentially and forms an adherent, compact 
chromium oxide layer at the metal surface, considerably slowing down the kinetics 
of oxidation due to the slower rate of diffusion of cations and anions through chro­
mium oxides relative to iron oxides.

2.5. 7.1 Effect o f Carbon
Carbon is added to steel to improve its physical properties. 

When carbon is present in the steel, during oxidation, it will tend to diffuse to the 
reaction surface and react with oxygen to form carbon monoxide or carbon dioxide. 
The formed carbon monoxide at the reaction surface can alter the oxidation rates 
mainly in two ways: first, it will play a role in determining the equilibrium oxygen 
potential at the reaction surface, due to the added carbon-oxygen reaction at the inter­
face. Second, if the formed carbon monoxide or carbon dioxide cannot escape from 
the reaction surface, it would have the tendency to retard oxidation as a result pro­
duce pore formation at the metal/oxide interface (Abuluwefa 1996).
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