
CHAPTER IV
RESULTS AND DISCUSSION

The kinetics of oxide formation for each materials; carbon steel (CS 
A106B), stainless steel (SS 316) and nickel alloy (Alloy 625) was investigated. Due 
to the low rate of oxide formation on SS 316 and Alloy 625, therefore, this study was 
mainly focused on the kinetics of oxide formation on CS A106B. However, the sur
face analyses of all materials are discussed in this chapter.

The kinetics of oxide formation of CS A106B was separated into two parts; 
oxide formation on the surfaces which were exposed to an atmosphere with no 
change in (ว2 concentration, and oxide formation on the surfaces which were exposed 
to an atmosphere with change in O2 concentration.

The study of oxide formation on the surfaces which were exposed to an at
mosphere with changing O2 concentrations also includes the study of the pressure 
change in the cavity. This pressure change was related to the rate of oxide formation 
which was determined by the weight change on the carbon steel sample. Results and 
discussion are provided as follows.

4.1 Materials Characterization

4.1.1 Baseline Analysis
The sample of each material was analyzed before the experiment to 

obtain baseline data for each material.
SEM images show fresh polished surfaces which were polished and 

stored in a desiccator for 14 days. The images (Figure 4.1) show surfaces without 
oxide particles. Some scratches which might occur from the polishing steps were ob
served.
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Figure 4.1 SEM image o f baseline surfaces; a) carbon steel, b) stainless steel and c) 
nickel-alloy.

Each material was also examined by EDS which gives the elemental 
composition on the metal surfaces. The CS A106B is a low chrome carbon steel 
which has chromium less than 0.5wt%.

The extra surface which was required to reach the area-to-volume ra
tio o f the practical construction unit was chosen from a wire which has a similar ele
mental composition. The extra surface of carbon steel and stainless steel were chosen 
from materials which have similar wt% content o f Fe and Cr to the membrane. In 
case o f nickel-alloy, extra surface material was selected from an available Ni/Cr wire 
which has closest Ni and Cr content to the alloy 625.

The elemental analyses are shown in Table 4.1 for the membranes and
Table 4.2 for the extra surfaces.
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Table 4.1 Elemental analysis results of baseline samples (membranes)

Element (Wt %)
Samples o Si Nb Mo Cr Fe Ni Total

CS A106B
Spectrum 1 1.97 0.38 0.06 0.10 0.07 97.43 0.00 100
Spectrum 2 2.06 0.41 0.00 0.66 0.11 96.76 0.00 100
Spectrum 3 2.14 0.40 0.19 0.07 0.16 97.05 0.00 100
Average 2.06 0.40 0.08 0.28 0.11 97.08 0.00 100
s s  316

Spectrum 1 3.46 0.56 0.22 1.99 17.06 67.66 9.05 100
Spectrum 2 3.37 0.58 0.00 2.05 17.29 67.14 9.58 100
Spectrum 3 3.45 0.63 0.08 2.15 17.26 66.68 9.74 100
Average 3.43 0.59 0.10 2.06 17.20 67.16 9.46 100
Alloy 625

Spectrum 1 4.27 0.42 3.51 8.05 21.73 3.51 58.51 100
Spectrum 2 3.61 0.20 3.83 8.82 21.85 3.59 58.10 100
Spectrum 3 3.53 0.22 3.79 8.89 22.12 3.56 57.89 100

Average 3.80 0.28 3.71 8.59 21.90 3.55 58.17 100
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Table 4.2 Elemental analysis results of extra surface samples (wires)

Samples
Element (Wt %)

o A1 Si p Mo Ca Cr Fe Ni Zn Total
cs-w ire

Spc. 1 2.11 0.13 0.25 0.03 0.29 0.10 0.41 95.82 0.4 0.46 100
Spc. 2 2.55 0.24 0.27 0.09 0.20 0.16 0.14 96.35 0.0 0.00 100

Average 2.33 0.19 0.26 0.06 0.25 0.13 0.28 96.09 0.2 0.23 100
SS-wire
Spc. 1 3.92 0.08 0.56 0.09 0.33 0.15 18.73 66.94 8.6 0.61 100
Spc. 2 5.19 0.20 0.62 0.03 0.20 0.08 18.73 66.10 8.5 0.38 100

Average 4.56 0.14 0.59 0.06 0.27 0.12 18.73 66.52 8.5 0.50 100
NI-\vire
Spc. 1 4.42 0.35 1.58 0.12 0.31 0.19 20.82 0.47 71.6 0.15 100
Spc. 2 4.34 0.36 1.50 0.06 0.21 0.17 20.77 0.44 72.1 0.00 100

Average 4.38 0.36 1.54 0.09 0.26 0.18 20.80 0.46 71.9 0.08 100

4.1.2 Carbon Steel (CS A106B)
SEM images show the carbon steel surfaces after the 4 0 0 ° c  exposure 

(Figure 4 .2). On the B side (which was exposed to the environment without change 
in oxygen concentration during the exposure), the form of oxide films is micaceous, 
but with different size due to the exposure time. The longer the exposure time, the 
bigger the sizes of the flakes. The Raman spectra (Figure 4.3) show that these oxides 
are Hematite (Fe203).
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Figure 4.2 SEM images o f B-side carbon steels exposed to the free air; a) 1 day, b) 
7 days and c) 14 days.

Figure 4.3 Raman spectra o f B-side carbon steels exposed to the free air for 1 day 
(CS-l(B)), 7 days (CS-7(B)) and 14 days (CS-14(B)).

In the first set o f experiments, the forms of oxide on A side (which 
was exposed to the environment with change in oxygen concentration during the ex
posure) are different; for the 1 and 7 day exposure, the form o f oxide is mainly mi
caceous (Figures 4.4 (a) and 4.4 (b)). Also Raman spectra (Figure 4.5) show that
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these oxides are mainly Hematite (Fe2C>3). The oxide form o f 14 day exposure (Fig
ure 4.6 c) is granular Magnetite (Fe304).

Figure 4.4 SEM images o f A-side carbon steels in the first set o f experiments ex
posed to the simulated environment; a) 1 day, b) 7 days and c) 14 days.

Figure 4.5 Raman spectra o f A-side carbon steels in the first set o f experiment ex
posed to the simulated environment for 1 day (CS-l(A)), 7 days (CS-7(A)) and 14 
days (CS-14(A)).
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The second set of experiments was performed in order to confirm the 
oxide type formed on the surfaces which were exposed to an atmosphere with change 
in O2 concentration (A-side). Figure 4.6 show images o f oxide film on each sample. 
Magnetite was found on 7 days and 1 day exposures, however, on 5 hours exposure 
some Hematite was found. From Raman spectra, the mixture o f Magnetite and He
matite was found on some parts o f surface (Figure 4.7: CS-5hr(A2)-2) and the cha
racteristic peak o f Hematite was a weak peak, which means the area is mainly Mag
netite.

Type and shape of oxide formed at 400°c depend on the oxygen con
centration in an environment of the exposure. Magnetite formed if the environment 
has lower oxygen concentration. The difference o f oxygen concentration is discussed 
in 4.3.4.

Figure 4.6 SEM images o f A-side carbon steels in the second set o f experiments 
exposed to the simulated environment; a) 5 hours, b) 1 day and c) 7 days.
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Figure 4.7 Raman spectra o f A-side carbon steels in the second set o f experiments 
exposed to the simulated environment for 5 hours (CS-5hr(A2)), 1 day (CS-1(A2)) 
and 7 days (CS-7(A2)).

For the membrane exposed to 90°c for 14 days, color change and 
oxide formation were not observed. The surface images and the Raman spectra o f the 
membrane were the same as the fresh polished membrane. SEM images show the 
carbon steel surface from 90HC exposure; there are no differences between the sur
faces o f A-side and B-side and they are the same as fresh polished surfaces.

a ) b ) c )
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Figure 4.8 SEM images o f carbon steel surfaces exposed to 90°c for; a) 1 day, b) 7 
days and c) 14 days.
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4 . 1 . 2 . 1  T h e r m o d y n a m i c  E q u i l i b r i u m

Equilibrium using thermodynamic data was determined to pre
dict the oxide type that will form on the carbon steel surfaces at each environment. 
The results from the Raman spectra showed that only Hematite (Fe203) and Magnet
ite (Fe304) were formed. According to Gaskell (1981), Wtistite (FeO) is thermody
namically unstable below 5 7 0 ° c . The equilibrium was determined using the assump
tion that only Hematite and Magnetite were formed. The reaction is written as

4 F e 30 4 + 0 า  6F e 2Û  ร (4.1)

The data in Table 4.3 were used to find the equilibrium constant, 
k p, from the following equations;

1 , = _ A G ^  
p  R F

A H n
TVO

1
T

+ S . t a j l + A  (7■ .7;0)
R  T 11 2 R

+  - ~ ( t 2
6 R y d ) + 2  R

0
T  220 J

(4.2)

and

AJ?p= A ff„ ,-0 ,T o - ^ - ^ A  + A  (4.3)

where T o  -  standard temperature = 298 K  

T  =  temperature ( K )

A G 298 = standard free energy (c a l / m o l )
A Ü 298 = standard enthalpy (c a l / m o l )

R  = ideal gas constant = 1.9858775 ( c a l / m o l - K )

a u  b u  C i a n d  d j  =  regression coefficients for chemical compound
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Table 4.3 Data for reaction 4 F es0 4 + O2 — 6Fe2Ü 3

Compound AG298 A H  298 C p =  a  + b T  + (cal/mol.K)
(kcal/mol) (kcal/mol)

Fe20 3 -179.1 -198.5 42340024.72+ 0.01604T 2

Fe30 4 -242.3 -266.9 41.17 + 0.0188247 997^00

o 2 0 0 8.27 + 0.000258T 187700

The change in free energy, AG, can be expressed as
A G 298,rxn =  A G  298,prod. ~  AG298 1.eac1 (4-4) 

Based on the reaction 4.1, Eq. 4.4 becomes
A G 298,rxn = 6(aG2980.-4,203 )— 4̂AG298 0.4,304 )— AG298102 (4.5)

Therefore
A G 298 rxn = 6(-1791 oo) - 4(- 242300) - 0 
AG2 98 rxn = -105400 cal/m ol

Find the change in enthalpy, AH 298 rxn

A H 298,rxn ~ A H 298,prod. — AH 29 8, react. (4.6)
A H 298,rxn =  ^ > { A H 298,Fe20, )— ^ ( A H  298 0.4,304 )— A H 298 0  ̂ (4.7)

AH 298,rxn =  6 ( - 198500) -  4(-  266900) -  0 
A H 298 rxn = -123400 cal/m ol

Find the parameters for AC p

c pj =  a  1 + b i T  +  - H (4.8)
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F rom
A C , = 6 C ^ „ A - 4 C , w < - C pA  ( 4 .9 )

T h ere fo re ,
a  =  -2 4 .8 3  c a l /m o l-K  
b =  + 0 .0 2 0 7 0 2  c a l /m o l-K 2 

c  = 0
d =  + 1 .6 3 7 3 X10 6 c a l - K /m o l

F rom  k p -  - r — , FQ w a s  c a lcu la ted  a n d  is  sh o w n  in  T a b le  4 .4 .
p (>1

Table 4.4 E q u ilib r iu m  c o n sta n ts  and partial p ressu res o f  o x y g e n  at eq u ilib r iu m  for 
v a r io u s  tem p era tu res

T(K ) T (๐C) ln  k p K
Y  = p a2 ( a tm )

2 9 8 25 1 7 8 .1 0 3 2 6 9 3 2 .2 3 4 9 5  X10 V 7 4 .4 7 4 3 8 X 1 0 378
3 6 3 9 0 1 3 9 .0 8 9 5 8 4 5 2 .5 4 5 8 9 X 1 0 60 3 .9 2 7 9 x 1  O'61
4 0 0 12 7 1 2 2 .5 1 6 4 6 1 6 1 .6 1 5 1 9 x 1 0 s3 6 .1 9 1 2 3  X1 O’54
5 0 0 2 2 7 8 9 .8 8 6 9 3 9 7 5 1 .0 8 9 9 4 X 1 0 39 9 .1 7 4 8 3 x 1 0 ‘4°
6 0 0 3 2 7 6 8 .0 0 2 5 7 8 4 3 .4 1 3 0 6 X 1 0 29 2 .9 2 9 9 2 x 1  O'30
6 7 3 4 0 0 5 6 .0 7 0 5 4 2 6 8 2 .2 4 4 5 4 x 1  o24 4 .4 5 5 2 6 x 1 0 '2S
7 0 0 4 2 7 5 2 .2 7 6 8 1 0 1 3 5 .0 5 2 7 8 X 1 0 22 1 .9 7 9 1  lx lO '23
8 0 0 5 2 7 4 0 .4 1 9 4 2 5 1 5 3 .5 8 0 4 1 X 1 0 17 2 .7 9 2 9 7 X  10’18
9 0 0 6 2 7 3 1 .1 5 6 9 0 7 9 4 3 .3 9 8 3 9 X 1 0 13 2 .9 4 2 5 7 X  1 0 '14
1 0 0 0 7 2 7 2 3 .7 2 3 3 7 8 5 7 2 .0 0 8 7 8 x 1 0 '° 4 .9 7 8 1 5 x 1 0 '"
2 0 0 0 1 7 2 7 - 9 .4 7 3 3 0 5 7 5 7 .6 8 7 6 9 x 1 0  s 1 3 0 0 7 .8 1 6 8 9

F rom  T a b le  4 .4 , at 4 0 0 ° c  the r ea c tio n  th e r m o d y n a m ic a lly  p re
d ic ts  H em a tite  e v e n  i f  at v e r y  lo w  o x y g e n  p ressu re  ( 4 .4 5 5 2 6 x 1  O'25 a tm ). H o w e v e r , it 
w a s fo u n d  that M a g n e tite  fo rm ed  on  the carb on  s te e l su r fa c e s  w h ic h  w e r e  e x p o se d  to



51

th e  e n v iro n m en t w h ic h  c h a n g e s  in  o x y g e n  co n ce n tr a tio n  d u rin g  th e  e x p o su r e . T h e r e 
fo re , k in e t ic s  m u st b e  s ig n if ic a n t  w ith  resp e c t  to  th e  fo rm  o f  o x id e  p ro d u ced .

4 .1 .3  S ta in le ss  S te e l (S S  3 1 6 )
T h e  S E M  im a g e s  (F ig u r e  4 .9 )  o f  s ta in le s s  s te e l s h o w  th e  o x id e  par

t ic le s  d istr ib u ted  o n  th e  su r fa ce  a fter th e  4 0 0 ° c  e x p o su r e . T h e  m ajor area o f  th e  su r
fa c e  (dark  area) w a s  further a n a ly z e d  b y  E D S  as sh o w  in  F ig u re  4 .1 0 ,  th e  o x y g e n  
ch a ra cter is tic  p ea k  is  s l ig h t ly  h ig h e r  than th e  p ea k  o f  th e  b a s e l in e  s ta in le s s  s te e l  
w h ic h  m e a n s  that o x y g e n  w a s  a d so rb ed  o n  th e  su rfa ce . T h e  o x id e  p a r t ic le s  (w h ite  
sp o ts )  w e r e  a lso  a n a ly z e d  b y  E D S  w h ic h  s h o w s  th e  p ea k s  o f  F e , C r and o ,  th e r e fo r e  
th e  o x id e  p a r tic le s  m ig h t b e  iron  o x id e  and ch ro m iu m  o x id e . T h e  a p p ea ra n ces  o f  
b o th  A -s id e  and B -s id e  are s im ilar . A ls o  th ere  is n o t m u c h  d if fe r e n c e  in th e  E D S  
sp ectra .
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Figure 4.9 S E M  im a g e s  o f  s ta in le s s  s te e l su r fa ce  e x p o s e d  to  4 0 0 ° c  for  14 d ays.
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Figure 4.10 E D S  sp ectra  o f  s ta in le s s  s te e l su r fa ce  a fter th e  4 0 0 ° c  e x p o su r e .

4 .1 .4  N ic k e l A l lo y  ( A llo y  6 2 5 )
F or n ic k e l-a l lo y , S E M  im a g e s  and E D S  sp ec tra  o f  b o th  A - s id e  and  B -  

s id e  are s im ila r  a s  illu stra ted  in F ig u res  4 .1 1  and 4 .1 2 , r e sp e c tiv e ly . T h e  E D S  s p e c 
trum  o f  th e  m ajor area (dark area in  S E M  im a g e )  o f  th e  n ic k e l-a l lo y  su r fa c e , w h ic h  
w a s  e x p o s e d  to  4 0 0 ° c  en v ir o n m e n t, s h o w s  s lig h t ly  h ig h er  o  p ea k  in te n s ity  w h e n  
co m p a red  to  th e  b a s e l in e  n ic k e l-a l lo y  in d ic a tin g  th e  ad so rp tio n  o f  o x y g e n  o n  th e  su r
fa ce . T h e  E D S  sp ectra  o f  th e  p a r tic le s  (w h ite  sp o ts  o n  th e  su r fa c e )  s h o w  ch a ra cter is
tic  p e a k s  o f  T i w h ic h  d id  n o t ap p ear in  th e  b a s e l in e  sp ectru m . T h is  m ig h t b e  b e c a u s e  
o x y g e n  first a d so rb ed  o n  th e  n ic k e l a l lo y  su r fa c e  d if fu s e s  in to  th e  m eta l and  fo rm s  
o x id e  w ith  tita n iu m  w h ic h  w a s  lo c a te d  b e lo w  th e  su rfa ce . T h e  o x id e  fo rm ed  u n d er  
th e  su r fa ce  c a u se s  an e x p a n s io n  and th en  b reak s th ro u g h  th e  su rfa ce .



53

Figure 4.11 S E M  im a g e s  o f  n ic k e l-a l lo y  su r fa ces  e x p o se d  to  4 0 0 ° c  for 14 d ays.

Figure 4.12 E D S  sp ectra  o f  n ic k e l-a l lo y  su r fa c e  a fter  th e  4 0 0 ° c  ex p o su r e .
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4.2 Weight Gain on Samples and Thickness of Oxide Layers

F resh  p o lish e d  sa m p le s  in c lu d in g  a m em b ra n e  and a w ir e  (ex tra  req u ired  
su r fa ce ) w e r e  w e ig h e d  b e fo r e  and a fter  th e  e x p o su r e . T h e  w e ig h t  g a in  w a s  th en  c a l
cu la ted . A s  th e  m em b ra n e  o x id iz e d  o n  b o th  s id e s  ( A -s id e  and B -s id e ) ,  th e  w e ig h t  
g a in  p er unit area w a s  ca lc u la te d  b a sed  o n  th e  w e ig h t  g a in  per unit area o f  th e  w ir e  in  
th e  c a v ity  (A -s id e )  u s in g  th e  a ssu m p tio n  that th e  w e ig h t  g a in  p er area o n  th e  w ir e  is  
eq u a l to  th e  w e ig h t  g a in  per area o n  th e  m em b ra n e  in s id e  th e  c a v ity  (A -s id e ) .  T h e  
w e ig h t  g a in  o n  B -s id e  w a s  th en  ca lc u la te d  from  th e  to ta l w e ig h t  g a in  o n  th e  m e m 
b ran e su b tra cted  b y  th e  w e ig h t  g a in  o n  th e  A -s id e . T h ere  w a s  n o  s ig n if ic a n t  w e ig h t  
g a in  o n  s ta in le s s  s te e l and n ic k e l-a l lo y  at 4 0 0 ° c ,  a s  w e l l  as o n  carb o n  s te e l and s ta in 
le s s  s te e l at 90°c ex p o su r e . T h e  w e ig h t  g a in  p er  unit area o f  ea c h  m e m b ra n e  is  
s h o w n  in F ig u re  4 .1 3 .
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Figure 4.13 R ela tio n s  b e tw e e n  th e  w e ig h t  g a in  p er  unit area and e x p o su r e  t im e  for  
th e  4 0 0 ° c  e x p o su r e  sa m p les .

T h e  w e ig h t  g a in  p er  unit area o f  e a c h  sa m p le  w a s  u sed  to  c a lc u la te  th e  
th ic k n e ss  o f  o x id e  la yer  b a se d  o n  th e  a ssu m p tio n  that th e  net w e ig h t  g a in  o f  th e  sam -
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p ie  is eq u a l to  th e  w e ig h t  o f  o x y g e n  u p ta k e , th e  n u m b er  o f  m o le s  o f  o x y g e n  ca n  b e  
fou n d . T h e  ty p e  o f  o x id e  o n  e a c h  su r fa ce  u sed  in th e  c a lc u la t io n  w a s  a tta in ed  fro m  
th e  R am an  s p e c tr o s c o p y  resu lt. M o le c u la r  w e ig h t  and d e n s ity  o f  e a c h  ty p e  o f  o x id e s  
w e r e  ap p lied  in ord er  to ob ta in  th e  th ic k n e ss  o f  o x id e  layer . T h e  resu lt are p ro v id ed  
in F ig u re  4 .1 4 .

Figure 4.14 R e la tio n s  b e tw e e n  th e  th ic k n e ss  o f  o x id e  la yer  and e x p o su r e  t im e  for  
th e  4 0 0 ° c  e x p o su r e  sa m p les .

T h e  th ree  carb on  s te e l m em b ra n es  w e r e  cut and m o u n ted  in  e p o x y  r e s in  for  
c r o ss -se c t io n a l a n a ly s is . T h e  m o u n ted  m em b ra n es  w e r e  sen t to  S E M  a n a ly s is  to  
m e a su re  th e  th ic k n e ss  o f  th e  o x id e  form ed  o n  ea c h  su rfa ce . T h e  im a g e s  (F ig u r e s  
4 .1 5 - 4 .2 0 )  sh o w  th e  th ic k n e sse s  o f  o x id e  o n  th e  su r fa c e s , w h ic h  w e r e  in a g reem en t  
w ith  th e  th ic k n e sse s  from  th e  c a lc u la tio n  b ased  o n  th e  w e ig h t  g a in  p er area. H o w e v 
er, th e  th ic k n e ss  from  e a c h  m eth o d  is n ot c o m p le te ly  th e  sa m e , w h ic h  m ig h t b e  b e 
c a u se  o f  n o n -u n ifo r m ly  fo rm ed  o x id e  o n  th e  su rfa ce . T a b le  4 .5  s h o w s  th e  th ic k n e ss  
o f  o x id e  la yer  from  th e  c a lc u la t io n  co m p a red  to  th e  a v era g e  th ic k n e ss  fro m  c r o ss -  
s e c t io n in g  a n a ly s is .
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Table 4.5 C o m p a r iso n  b e tw e e n  th e th ic k n e ss  o f  o x id e  layer  o n  ca rb o n  s te e l m e m 
brane (C S  A 1 0 6 B )  fro m  c a lc u la t io n  and from  a v e r a g e  c r o s s -s e c t io n a l a n a ly s is

Exposure
time

Thickness of oxide layer (fim)
A-side B-side

Calculated Cross-sectioning Calculated Cross-sectioning
1 day 1 .37 0 .9 5 1 .34 1 .57
7 d ays 2 .0 3 2 .4 5 2 .9 8 3 .2 3
14 d ay s 2 .3 6 3 .8 5 -5 .1 6 * 3 .7 5 4 .4 3
* n o n -u n ifo rm  th ic k n e ss  o f  o x id e  la yer  w a s  fou n d .

F rom  F ig u re  4 .1 9 ,  the im a g e s  sh o w  the o x id e  layer  o f  th e  B -s id e  w h ic h  e x 
p o sed  for 14 d ay s. T h ere  are tw o  o x id e  layers o n  th is  su rface; h o w e v e r , m o re  a n a ly 
s is  is  req u ired  to id e n t ify  th e  ch a ra cter istics  o f  in d iv id u a l layers.

Figure 4.15 Cross-sectional image of the carbon steel membrane (B-side) exposed
to 400°c for 1 day.
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Figure 4.16 C r o ss -se c t io n a l im a g e  o f  the carb o n  s tee l m em b ra n e  ( A -s id e )  e x p o se d  
to  400°c for  1 d ay .

Figure 4.17 Cross-sectional image of the carbon steel membrane (B-side) exposed
to 400°c for 7 days.
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Figure 4.18 C r o ss -se c t io n a l im a g e  o f  the carb o n  s te e l m em b ra n e  ( A -s id e )  e x p o s e d  
to  4 0 0 ° c  for 7 d a y s .

Figure 4.19 Cross-sectional image of the carbon steel membrane (B-side) exposed
to 400°c for 14 days.
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Figure 4.20 C r o ss -se c t io n a l im a g e  o f  the carb o n  s te e l m e m b ra n e  (A -s id e )  e x p o se d  
to 4 0 0 ° c  for 14 d a y s .

4.3 Kinetics of Oxide Formation

B e lo w  5 7 0 ° c ,  the p o s s ib le  p rod u cts o f  o x id a t io n  o f  ca rb o n  s te e l are H e m a 
tite  an d  M a g n e tite . T h e  sc h e m a tic  o f  iron  o x id e  fo rm a tio n  is  sh o w n  in  F ig u re  4 .2 1 .  
T h e r ea c tio n s  i f  iro n  to  form  M a g n e tite  (F e 3 0 4 ) and  H em a tite  ( F e 2 0 3) are a s  fo llo w s :

3 F e  +  2 0  2 - > F e 30 4 (4 .1 0 )

2 F e  +  ^ 0 2 —» F e 20 3 (4 .1 1 )

i
1

iThickness of oxide layer = X Oxide Layer of Fe20 3 or Fe30 4
F e  S u r fa c e

Fe

Figure 4.21 S c h e m a tic  o f  iron o x id e  form ed  o n  iron  su rfa ce .
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4 .3 .1  D if fu s io n  o f  O x y g e n  T h ro u g h  an O x id e  L a y er  C o n tro l

F orm  th e  d if fu s iv ity  eq u ation ;

w h e r e

d C Qi ^  d N 0i 
d x  d t

th e  d if fu s iv ity  o f  o x y g e n  th ro u g h  an o x id e  la y er

c 02 =  th e  c o n cen tra tio n  o f  o x y g e n  ill su rrou n d in gs

N 02 =  m o le s  o f  o x y g e n

X =  th e o x id e  la yer  th ic k n e ss  
t  =  t im e .

(4 .1 2 )

4 .3 .1 .1  I f  M a g n e ti te  w a s  F o r m e d  
F rom  reac tio n  4 .1 0 ,

d N a
d t =  r Fe

' T
J ,

(4 .1 3 )

w h e r e  r  10 =  m o le  o f  F e /u n it  t im e  per area reacted .

d m  1A n d  from  "" Fe =  rFeM W Fe (M a ss  F e r e a c te d / un it t im e  p er  area) rFe b e c o m e s  
d t

1 d m Fe 
rpe =  M พ  1..' d t

S u b stitu tin g  E q s. 4 .1 3  and 4 .1 4  in to  E q. 4 .1 2  y ie ld s

_ D  d C  01 2  d m  ,,1,
° 2 d x  3M W Fc d t

R earran ge E q . 4 -1 5  to g e t

d C o1 _  2  d m  0 ,
d x  3 M W  1,.'D,02 d t

In teg ra tin g  E q . 4 .1 6  y ie ld s
_ c  2 x  d m  01,
"  =  3 M W F'D 01 d t

(4 .1 4 )

(4 .1 5 )

( 4 .1 6 )

(4 .1 7 )
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R ea rran g in g  E q. 4 .1 7  b e c o m e s
d m  3 c  0  M W p .D 0u ,n he _  °1 Fe Ol (4 .1 8 )

d t  2 x
F rom  E q . 4 .1 0 , th e  rate o f  F e 3C>4 fo rm ed  is  eq u a l to  o n e  th ird  o f  th e  rate o f  F e re
a cted , th erefo re ,

_  A  e =  m F e i°* /4 J g \
3 M W  10 ■  M W

w h ere  m Fe =  the m a ss  o f  F e  reacted

m F 0 =  th e  m a s s  o f  F e3C>4 fo rm ed  

M W Fe =  th e  m o le c u la r  w e ig h t  o f  F e

M W p 011 =  th e  m o le c u la r  w e ig h t  o f  F e 3C>4 

R ea rran g in g  and d iv id in g  Eq. 4 .1 9  b y  d e n s ity  o f  F e 3C>4, p Fe.304 y ie ld s

y  _  1 m F e ^ ^ F e ,O t

FeA =  ~ 3  M W Fcp F̂

T h e c h a n g e  in  o x id e  la y er  th ic k n e ss  b y  t im e  is  e x p r e sse d  as
d x  d m Fe 
~ d t=  d t  he/>i

S u b stitu tio n  o f  E q s. 4 .1 8  and 4 .2 0  in to  Eq. 4 .2 1  y ie ld s

d x f 3 C „ 1 M W f, D 01 ไ 1 ^ 01 ไ
d t 2 x  y v 2 M W Fep Fc,304 ^

(4 .2 0 )

(4 .2 1 )

(4 .2 2 )

T h u s,
d x  _  1 C p 1 D 02 M W  1..,.(11 
d t  =  2  x p Fe/)i

In teg ra tion  o f  E q. 4 .2 3  y ie ld s
X 2 _  1 C 0 D 01M พ Fe10J  
2 2 P fc ĝ>4

(4 .2 3 )

(4 .2 4 )

or

x 2 _  C pi ^ <h M W Fe1011
P F e /)A

(4 .2 5 )
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4 .3 .1 .2  I f  H e m a ti te  w a s  F o r m e d  
R e a c tio n  4 .1 1  ca n  b e  w ritten  as

F e +  ~ 0 2 F e 20 3

A n d  the r ea c tio n  rate is  e x p r e sse d  as
d N r

d t =  r,
พ

S u b stitu tin g  E q s. 4 .2 7  and 4 .1 4  in to  Eq. 4 .1 2  y ie ld s
d C r d m Ft!

d x  4  M V F1, d t

R earran ge E q. 4 .2 8  to  get
d C n ใ d m  1

d x 4  M W FeD 01 d t

In teg ra tin g  Eq. 4 .2 9  y ie ld s
3 x  d m  171,

- C o .  = 4 M W FeD 01 d t

(4 .2 6 )

(4 .2 7 )

(4 .2 8 )

(4 .2 9 )

(4 .3 0 )

R ea rran g em en t o f  E q. 4 .3 0  y ie ld s  

d m  17 4  C q  M W 271)0
u , n Fe  _ _ _ _ _ _ _ _ he บ1 t4 31 ไ
~ d T =

F rom  reac tio n  4 .2 6 ,  th e  rate o f  F e 2 Û 3 fo rm ed  is  eq u a l to  a  h a l f  o f  th e  rate o f  Fe re
a c ted , th erefore ,

__1 W lfe _  ^ F e 2 2 )
~ 2 M W Fe ^  M W Fe203 

w h e r e  m  176 =  th e  m a ss  o f  F e  reac ted

m Fe203 =  th e  m a ss  o f  F e 2C>3 form ed  

M W  176 =  th e  m o le c u la r  w e ig h t  o f  F e  

M W 176 01 =  th e  m o le c u la r  w e ig h t  o f  F e 2 Û 3 

R ea rran g in g  an d  d iv id in g  E q. 4 .3 2  b y  d e n s ity  o f  F e 2Û 3 , p  176203 y ie ld s

V Fe1o , =
1 m Fe M W f 6101
2 M W 176 p 176201

(4 .3 3 )



63

T h e c h a n g e  in  o x id e  la y er  th ic k n e ss  b y  tim e  is  e x p r e s se d  as
d x  d m Fe 
d t =  d t  F“-/h

S u b stitu tio n  o f  E q s. 4 .3 1  and 4 .3 3  in to  E q  4 .3 4  y ie ld s

d x r A C 01M W FeD 02 ไ f 1 )
d t \ 3 x  y \ 2  M W Fep Fe202 ^

T h u s,
d x  _  4  c 02I )  02 M W  10202 
d t = 6  x p 10202

In teg ra tion  o f  E q. 4 .3 6  y ie ld s
X 2 _  4  c 02 D 02 M W Fe202 1
“ 6 P l-e p i

or
^ 2  _  4  C 0 D 02M พ Fe2 0 21

3 P f e 20  3

(4 .3 4 )

(4 .3 5 )

(4 .3 6 )

(4 .3 7 )

(4 .3 8 )

4 .3 .2  C h e m ic a l R e a c tio n  C o n tro l
4 .3 .2 .1  I f  M a g n e ti te  w a s  F o r m e d  

F rom  rea c tio n  4 .1 0 ,  rate o f  r ea c tio n  is

d N  01 ( 2 )
d t  = , f\ 3 ,

A s s u m e  rFe =  r C 0 , th ere fo re , th e  c h a n g e  in  m a ss  o f  F e  is

d r n =  rFtm  10 =  r C  02m Fe

T h e c h a n g e  in  o x id e  la y er  th ic k n e ss  b y  t im e  is  w r itten  as
d x  _  1 d m  ,.1, M W Fe,ot
d t =  3 d t  M W ,0 p Fc202

S u b stitu tin g  Eq. 4 .4 0  in to  E q. 4 .4 1
d x  __ 1 r C 0 m  1 0 M พ ,0202 

d t = 3 M W  1.1, p  0 ,202

(4 .3 9 )

(4 .4 0 )

(4 .4 1 )

(4 .4 2 )



(4.43)

Integration of Eq. 4.42 yields
1 rC01 m Fe M W Fe 101

3 MWFep F1,10 4

4.3.2.1 I f  Hematite was Formed 
From reaction 4.10, rate of reaction is

dN 01 _ ( 3 ไ
d t  = r F \ 4 ,

The change in oxide layer thickness by time is written as
dx_ _ 4 dm ,,1, MWF(,201 
dt 6  dt MWF1, p Fs 101

Substituting Eq. 4.40 into equation 4.45
dx _ 4 rC 01mFeMWFe101 
dt 6  MVVFep Fe101

(4.44)

• 4.45)

(4.46)

Integration of Eq. 4.46 yields
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4.3.3 Kinetics of Oxide Formation on Carbon Steels Exposed to an Atmos
phere with No Change in o? Concentration (B-side)

1.5 -

1 .อ- -!-
2

16.0

14.0

- 12.0

- 10.0

8.0 "x

Equation 
Act R-Squcre

y = a  + ช*X 
0.87924 0.96548

Vdue ร tcndcrd E rror
X Intercept 1.34645 0.4214

A y '
X Slope 0.18358 0.04654
x2 Intercept 1.36397 1.12902

» x2 Slope 0.94076 0,12468

- 6.0

-4 .0

- 2.0

4 6  8  10
Exposure time (Days)

12 16

Figure 4.22 Relation between X or X2 and exposure time for B-side of the 400°c ex
posure samples.

From the relation between the oxide thickness and time (Figure 4.22), 
it shows that the rate of oxide formation on carbon steel A106B at 400°c in an at
mosphere with no change in (ว2 concentration (B side) can be explained by diffusion 
of oxygen through the oxide layer. From the previous surface information, the oxide 
formed on this B side is Hematite (Fe2C>3).

From Linear f i t  of X2 and based on Hematite formed, Da was deter
mined;
Slope of the Linear fit = 0.94076 pm2/day = 1.089 X 10"'7 m2/s.
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where; X is the thickness of the oxide layer, 
t is exposure time, 
kp is the parabolic rate constant,
M W p  93 is the molecular weight of Fe2C>3 = 159.69 g/mol,
p  1:,,00 is the density of Fe2Û3 = 5.242 g/cm3 = 5.242X 106 g/m3,
c 01 is the concentration of oxygen:
c 01 at25°c = 8.59 moles/m3, c 01 at400°c = 3.80 mol/m3

D01 is the diffusivity of oxygen through the oxide layer (to be found)

Using the data from the plot of x2 versus t and Eq. 4.48,

D01 =7.05545x10-‘4 พ2/ร

The diffusivity of oxygen through oxide layer in atmospheric air at 
400°c is 7.05545x10’l4m2/ร and the parabolic rate, kp , is 1.089 X10~'า m2 / ร.

This diffusivity was further used in the determination of kinetics of 
oxide fonnation in an atmosphere with change in c>2 concentration.

^ -  = 1.089x1 O' 17

kp =1.089x10-v m2 / ร
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4.3.4 Kinetics of Oxide Formation on Carbon Steels Exposed to an Atmos
phere with Change in o? Concentration (A-side)

was determined. From the material characterization results, the assumption of all ox
ide is Hematite was applied to the experimental set 1 and the assumption of all oxide 
is Magnetite was applied to the experimental set 2.

(£ > 0  -  7.05545X 10“14m2 Is )  was used to determined the kinetics in both parts of
experiments. c 02 at 2 5°c = 8.59 moles/m3 was used as an initial oxygen concentration
( c 02 0 ) since the cavity was installed at room temperature and atmospheric pressure
before the temperature was raised up to 400°c. The pressure inside the cavity was 
calculated using concentration of air inside the cavity and ideal gas law (PV^nRT).

In this section, the rate of oxide formed in each set of the experiments

The diffusivity of oxygen through the oxide layer from the last section

4.3.4.1 Kinetics o f Oxide Formation in Experimental Set 1 (A-side-1) 
Assuming all oxides formed are Fe2C>3.

(4.49)

where X = oxide layer thickness = boundary layer thickness 
A = total exposed area inside the cavity 
Vc = volume of the cavity (m3)

The concentration of oxygen inside the cavity based on oxygen 
reacted to form the boundary layer becomes

Fc20 3 r c
(4.50)

(4.51)
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Rearranging Eq. 4.51 obtains
X

1 - Pfc2o1 AX
,d x  = 1,,

/v<-1.,๐1
2 MWFe20y cC02 0 J

Integration of Eq. 4.52 yields

( Pfc,o, ̂ x
\ dx=\ —f 2 D02 MWF1,202 c 02 0 dt

l  2 MWFe20y Cc 02,  J 
From integration formula

Pfi

[ ——— dx = — --^— ln(ax + b) J ax + b n n
Let

3a = - —-

a a

Pfs-p3 ̂
2 MW 1,,20y Cc  01,  

2 D02 MพFe20y 02 0c = -
Pr'2๐3

Eq. 4.53 becomes
X b
a a 2

Multiplying both sides by “a ” yields
ln(ax + b) = ct

(4.52)

(4.53)

X----ln(ax + b) = acta
Take the following values to evaluate the parameters in Eq. 4.55;

(4.54)

(4.55)

vc = 1.3 X 1 0 “5 m3 
A = 26.417 x l0 “4 m2 
c 0 0 = 8.59 mol/m3

D02 = 7.05545x10~u tn/s 
MW 1, 102 =159.69 g/mol 
PF,,o, =5.242 X10''g/m1

Therefore, a=  2 .1 2 x 106 เท1, b = +1.0, and ๐ = 6.75x10 iSm2/s.

The plot of oxide layer thickness (x) versus exposure time (t) 
from Eq. 4.55 is shown in Figure 4.23. It shows that the actual oxide thickness 
formed on carbon steel is much higher than the thickness attained from Eq. 4.55, this
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might be because the oxygen concentration inside the cavity which used in the calcu
lation ( C0i (x)) is different from the actual O2 concentration. Also the amount oxygen
in the cavity was not enough to form all the oxide. The possible reasons for these are; 
1 ) some changes in oxygen concentration occurred within the cavity at the initial step 
and during the exposure (i.e. leaking), 2 ) some oxides formed could be Fe3Û4 (differ
ent from the assumption that all oxides formed are Fe2Û3), 3) the diffusivity of oxy
gen through the Fe2Û3 layer on the B-side was uses in the calculation and it may not 
be the same as the diffusivity of oxygen on the A-side because of the difference of 
oxygen concentration (different driving force), and 4) the oxide layer thicknesses on 
membrane and wire may not be identical due to the differences in shape and elemen
tal composition.

Figure 4.23 The plot of oxide layer thickness versus time of carbon steel (A-side-1 ).

The concentration of air and concentration of O2 versus time is 
shown in Figure 4.24. The oxygen concentration, C02 (x), was calculated form Eq.
4.50. The concentration of air was then calculated from the decreasing of O2 concen
tration. The concentration of air was further used (with the ideal gas law) to calculate 
pressure inside the cavity showing in Figure 4.25.
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Figure 4.24 Relations between concentrations of air and oxygen inside the cavity 
and exposure time of the set 1 experiment.

Figure 4.25 Relations between pressure inside the cavity and exposure time of the
set 1 experiment.
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Figure 4.25 shows the comparison of the actual pressures at various 
exposure periods and the calculated pressure. As can be seen, the initial decline of 
the actual pressure is faster than that of the calculated one. After the drop, the actual 
pressures stay around an atmospheric pressure. There are two possibilities for the de
crease in pressure; firstly, because of the oxidation reaction, and secondly, of leak
ing. Since the measured oxide layer thickness was observed to be higher, O2 might 
diffuse into the cavity during the exposure.

In addition, the initial actual pressures were found to be lower than the 
calculated pressure suggesting that there might be because of leaking. As the test sec
tion was heated up from room temperature to 400°c taken about 45 minutes, it is 
possible that some O2 in the system was consumed to oxidize the steel before the 
temperature reached 400°c.

4.3.4.2 Kinetics o f Oxide Formation in Experimental Set 2 (A-side-2) 
Assuming all oxides formed are Fe2Û3,

moles of O2 in boundary layer 2  PtepAx
MW V1V1 n Fe304 y c

(4.56)

where X = oxide layer thickness = boundary layer thickness 
A = total exposed area inside the cavity 
Vc = volume of the cavity (m3)

The concentration of oxygen inside the cavity based on oxygen 
reacted to form the boundary layer becomes

f W  AxCo2 (x) = c 0 1 ,0 _  2 นพ Vm '' p.',0 4 Y rFe20 4 c
Substituting Eq. 4.57 into Eq. 4.23 yields

dx 1 D 01̂ W Fe2o, ,
° 2'0 MW 17,, n VrCr

Pfc20 Ax
dt 2  XPFe/h

Rearranging Eq.4.58 obtains
X

1 - 2 Ppe3O4 Ax
■ ^dx-f  ̂ 2

Fc,04 r C'-'01,0

1 DpjMW 17̂ 0  c 01'0 ^

MWFep/c C 02,0 J
Pfc,o,

(4.57)

(4.58)

(4.59)
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Integration of Eq. 4.59 yields

1 - 2
V

By definition,

P fc 3o 4 a X
M W F e 30 4 ^  Ç * ,0 y

^  = j. ^ 0  พ ^  c 0^0^
p Fêo 1

โ —- — dx = — — — In (ax + b) 1 ax + b a a

P fc 3o 4 j

Let

a = ~2~MWFe10VcC01,  
b = +1 .0
c _ 1 ^  o2 MWR,104 C02 0 

Eq. 4.60 becomes
X b
a a 2

Multiply both sides by “a” yields
ln(ax + b) = ct

x ---- In (ax + b) = acta
Take the following values to evaluate the parameters in Eq. 4.62;
Vl =1.3x10 ~5m2
At = 2.64 X10 m
V2 = 1.3x 10 m

“3 m2 
5 m 3
-3 2

c  010 =8.59 mol/rn 
D0 =7.05545x10 m2/s
MW1Fe,0, = 231.553g/wo/

A2 = 2.59x 10 m
Therefore,

P F e /h  = 5.17xl06g/«7

а ] = 1.06x 1 0 6 m 1, a 1 = l.OôxlO6 ^ ' 7
б ] = + 1 .0,£>2 = + 1 .0
c, =1.36x10 17 ไท2/ร, c2 =1.36x10 u ทไ/ร17 2 /

(4.60)

(4.61)

(4.62)

In the experimental set 2, the test section was changed therefore the volume 
of the cavity was changed. The Eq. 4.62 was plotted using the different Vc’s. How
ever, Vi/Ai and V2/A2 are similar, so the plots almost overlap each other as shown in
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Figure 4.26. As observed, the actual oxide thickness is lower than that obtained from 
Eq. 4.62 at a given exposure time. The concentrations of oxygen and air inside the 
cavity were calculated and plotted as shown in Figure 4.27.

Figure 4.28 shows the discrepancy in pressure inside the cavity be
tween the actual and calculated pressures of the experimental set 2. When compared 
with those of the experimental set 1, the actual pressures were less declined. This 
might be due to the application of sealants. Therefore, if there were some leaks, it 
should be leaking out at the beginning (less than 2  days) of the exposure.

Figure 4.26 The plot of oxide layer thickness versus time of carbon steel (A-side-2).
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Figure 4.27 Relations between concentrations of air and oxygen inside the cavity 
and exposure time of the set 2  experiment.

Figure 4.28 Relations between pressure inside the cavity and exposure time of the
set 2 experiment.
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