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 AL106B. 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 ( 2 concentration, and oxide formation on the surfaces which were exposed
to an atmosphere with change in O concentration.

The study of oxide formation on the surfaces which were exposed to an at-
mosphere with changing Oz 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 Baseling 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 41 SEM image of 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 of 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 of Fe and Cr to the membrane. In
case of 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.



Table 4.1 Elemental analysis results of baseline samples (membranes)

Samples
CS A106B
Spectrum 1
Spectrum 2
Spectrum 3

Average

ss 316
Spectrum 1
Spectrum 2
Spectrum 3

Average
Alloy 625
Spectrum 1
Spectrum 2
Spectrum 3

Average

0

197
2.06
2.14
2.06

3.46
3.37
345
343

4.21
361
3.53
3.80

Si

0.38
041
0.40
0.40

0.56
0.58
0.63
0.59

0.42
0.20
0.22
0.28

Nb

0.06
0.00
0.19
0.08

0.22
0.00
0.08
0.10

3.51
3.83
3.79
3.71

Element (Wt %)

Mo

0.10
0.66
0.07
0.28

199
2.05
2.15
2.06

8.05
8.82
8.89
8.59

Cr

0.07
0.11
0.16
0.11

17.06
17.29
17.26
17.20

21.73
21.85
22.12
21.90

Fe

97.43
96.76
97.05
97.08

67.66
67.14
66.68
67.16

351
3.59
3.56
3.95

Ni

0.00
0.00
0.00
0.00

9.05
9.58
9.74
9.46

58.51
58.10
571.89
58.17
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Total

100
100
100
100

100
100
100
100

100
100
100
100



Table 4.2 Elemental analysis results of extra surface samples (wires)

Element (Wt %)

Samples o Al S p Mo Ca Cr Fe Ni Zn Total
cS-wire

Spc. 1 211 013 025 003 029 010 041 958 04 046 100
Spc.2 255 024 027 009 020 016 014 96.35 00 000 100
Average 233 019 026 006 025 013 028 96.09 02 023 100
SS-wire

Spc. 1 392 008 056 009 033 015 1873 6694 86 061 100
Spc.2 519 020 062 003 020 008 1873 66.10 85 038 100
Average 456 014 059 006 027 012 1873 6652 85 050 100
NI-\vire

Spc. 1 442 035 158 012 031 019 208 047 716 015 100
Spc.2 434 036 150 006 020 0.7 2077 044 721 000 100
Average 438 036 154 009 026 018 2080 046 719 008 100

4.1.2 Carbon Steel (CS A106B)
SEM images show the carbon steel surfaces after the 400°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 (Fezo03).
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Figure 4.2 SEM images of B-side carbon steels exposed to the free air; a) 1day, b)
7 days and ) 14 days.

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

In the first set of 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 1and 7 day exposure, the form of 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 (Fe2Cs). The oxide form of 14 day exposure (Fig-
ure 4.6 ¢) is granular Magnetite (Fesoa).

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

Figure 4.5 Raman spectra of A-side carbon steels in the first set of experiment ex-
posed to the simulated environment for 1day (CS-I(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 Oz concentration (A-side). Figure 4.6 show images of 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 of Magnetite and He-
matite was found on some parts of surface (Figure 4.7: CS-5hr(A2)-2) and the cha-
racteristic peak of 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 of oxygen concentration is discussed
in4.34.

Figure 4.6 SEM images of A-side carbon steels in the second set of 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 of A-side carbon steels in the second set of experiments
exposed to the simulated environment for 5 hours (CS-5hr(A2)), 1day (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 of the
membrane were the same as the fresh polished membrane. SEM images show the
carbon steel surface from 90K exposure; there are no differences between the sur-
faces of A-side and B-side and they are the same as fresh polished surfaces.

a) h) c)

5pm Spm Spm

Figure 4.8 SEM images of carbon steel surfaces exposed to 90°c for; a) 1day, b) 7
days and c) 14 days.
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4.1.2.1 Thermodynamic Equilibrium

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 (Fezos) and Magnet-
ite (Fesoa) were formed. According to Gaskell (1981), Wtistite (FeO) is thermody-
namically unstable below 570°c. The equilibrium was determined using the assump-
tion that only Hematite and Magnetite were formed. The reaction is written as

4Fe 4t0 6Fe2 (4.1)

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

1, = AGA Aun 1 +S.taj 1 +A (79

D RF VO T R T1 2R
0
+-6~R(yt2 d)+ . 20% (42)
and
Ap=Aff, 0,To-A - A A +A (43)

where 1o - standard temperature = 298 «
r = temperature (x)
a6 28= Standard free energy (caim o1)
a 0 208= Standard enthalpy (caum o1)
r = ideal gas constant = 1.9858775 (catim o1-k)
av b ciand dj - regression coefficients for chemical compound



Table 4.3 Data for reaction 4Fes04+ 02 —6Fe2Us

Compound AGXB AH ZB
(kcal/mol) (kcal/mol)
Fed 3 -179.1 -198.5
Fed) 4 -242.3 -266.9
02 0 0

The change in free energy, AG, can be expressed as
AG28nn = AG 28prad ~ AGZBEal

Based on the reaction 4.1, Eq. 4.4 becomes
1 6 280 = 6(a G2E0418) (D 4 A

Therefore

A zmon = 6(-1R100)- 4(- 242300)-

AG298 nn = -105400 cal/mol

Find the change in enthalpy, AHZBnn
AH B0 ~ AH 2Borod —AH Dreect

AH 29600 = A>(aH298FeD, )— (A H ZBDEN)—4 1 29800

AH 29, = 6( - 198500) - 4( 266900) - 0
AH298 nn =-123400 cal/mol

Find the parameters for Ac

Cpj=al+biT +-H

Cp=a+bT+

(cal/mol.K)

24.72+0016047 42340
4117 +0.0188247 997700

8.27+0.000258T 187700
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From
AC,=6C"r,A -4C ,w <-CpA (4.9)
Therefore,
a=-24.83 cal/mol-K
b=+0.020702 cal/mol-K2
c=0
d= +1.6373X106 cal-K/mol

From kp - -r—, FQ was calculated and is shown in Table 4.4.
ppt

Table 4.4 Equilibrium constants and partial pressures of oxygen at equilibrium for

various temperatures

T(K) T(0) Inkp " Y =pa2(atm)
298 25 178.1032693 2.23495 X10W7 4.47438X103m8
363 90 139.0895845 2.54589X 1060 3.9279x1 0%l
400 127 122.5164616 1.61519x10s3 6.19123 X10'%
500 227 89.88693975 1.08994X103 9.17483x10%4°
600 327 68.0025784 3.41306X1029 2.92992x1 0
673 400 56.07054268 2.24454x1 024 4.45526x10'2%
700 427 52.27681013 5.05278X102 1.9791 Ix10'3
800 527 40.41942515 3.58041X107 2.79297X 1018
900 627 31.15690794 3.39839X1013 2.94257X 10'4
1000 127 23.72337857 2.00878x10" 4.97815x10™
2000 1727 -9.47330575 7.68769x10 s 13007.81689

From Table 4.4, at 400°c the reaction thermodynamically pre-
dicts Hematite even if at very low oxygen pressure (4.45526x1 O'% atm). However, it
was found that Magnetite formed on the carbon steel surfaces which were exposed to
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the environment which changes in oxygen concentration during the exposure. There-
fore, kinetics must be significant with respect to the form ofoxide produced.

4.1.3 Stainless Steel (SS 316)

The SEM images (Figure 4.9) of stainless steel show the oxide par-
ticles distributed on the surface after the 400°c exposure. The major area of the sur-
face (dark area) was further analyzed by EDS as show in Figure 4.10, the oxygen
characteristic peak is slightly higher than the peak of the baseline stainless steel
which means that oxygen was adsorbed on the surface. The oxide particles (white
spots) were also analyzed by EDS which shows the peaks of Fe, Cr and o, therefore
the oxide particles might be iron oxide and chromium oxide. The appearances of
both A-side and B-side are similar. Also there is not much difference in the EDS
spectra.
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Figure 4.9 SEM images of stainless steel surface exposed to 400°c for 14 days.
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Figure 4.10 EDS spectra of stainless steel surface after the 400°c exposure.

4.1.4 Nickel Alloy (Alloy 625)

For nickel-alloy, SEM images and EDS spectra ofboth A-side and B-
side are similar as illustrated in Figures 4.11 and 4.12, respectively. The EDS spec-
trum of the major area (dark area in SEM image) of the nickel-alloy surface, which
was exposed to 400°c environment, shows slightly higher o peak intensity when
compared to the baseline nickel-alloy indicating the adsorption of oxygen on the sur-
face. The EDS spectra of the particles (white spots on the surface) show characteris-
tic peaks of Ti which did not appear in the baseline spectrum. This might be because
oxygen first adsorbed on the nickel alloy surface diffuses into the metal and forms
oxide with titanium which was located below the surface. The oxide formed under
the surface causes an expansion and then breaks through the surface.



Figure 4.11 SEM images of nickel-alloy surfaces exposed to 400°¢ for 14 days.

Figure 4.12 EDS spectra of nickel-alloy surface after the 400°c exposure.
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4.2 Weight Gain on Samples and Thickness of Oxide Layers

Fresh polished samples including @ membrane and a wire (extra required
surface) were weighed before and after the exposure. The weight gain was then cal-
culated. As the membrane oxidized on both sides (A-side and B-side), the weight
gain per unit area was calculated based on the weight gain per unit area o f the wire in
the cavity (A-side) using the assumption that the weight gain per area on the wire is
equal to the weight gain per area on the membrane inside the cavity (A-side). The
weight gain on B-side was then calculated from the total weight gain on the mem-
brane subtracted by the weight gain on the A-side. There was no significant weight
gain on stainless steel and nickel-alloy at 400°c, as well as on carbon steel and stain-
less steel at 90°C exposure. The weight gain per unit area of each membrane is
shown in Figure 4.13.

) 15

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Exposure time (days)

Figure 4.13 Relations between the weight gain per unit area and exposure time for
the 400°c exposure samples.

The weight gain per unit area of each sample was used to calculate the
thickness of oxide layer based on the assumption that the net weight gain of the sam-



pie is equal to the weight of oxygen uptake, the number of moles of oxygen can be
found. The type of oxide on each surface used in the calculation was attained from
the Raman spectroscopy result. Molecular weight and density of each type of oxides
were applied in order to obtain the thickness of oxide layer. The result are provided

in Figure 4.14,

Figure 4.14 Relations between the thickness of oxide layer and exposure time for
the 400°c exposure samples.

The three carbon steel membranes were cut and mounted in epoxy resin for
cross-sectional analysis. The mounted membranes were sent to SEM analysis to
measure the thickness of the oxide formed on each surface. The images (Figures
4.15-4.20) show the thicknesses of oxide on the surfaces, which were in agreement
with the thicknesses from the calculation based on the weight gain per area. Howev-
er, the thickness from each method is not completely the same, which might be be-
cause of non-uniformly formed oxide on the surface. Table 4.5 shows the thickness
of oxide layer from the calculation compared to the average thickness from cross-
sectioning analysis.
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Table 4.5 Comparison hetween the thickness of oxide layer on carbon steel mem-
brane (CS A106B) from calculation and from average cross-sectional analysis

Exposure Thickness of oxide layer (fim)
time A-side B-side
Calculated ~ Cross-sectioning ~ Calculated  Cross-sectioning
1 day 137 0.95 1.34 157
7 days 2.03 2.45 2.98 3.23
14 days 2.36 3.85-5.16* 3.75 4.43

*non-uniform thickness of oxide layer was found.

From Figure 4.19, the images show the oxide layer of the B-side which ex-
posed for 14 days. There are two oxide layers on this surface; however, more analy-
sis is required to identify the characteristics of individual layers.

Figure 4.15 Cross-sectional image of the carbon steel membrane (B-sicle) exposed
to 400°c for 1day.



Figure 4.16 Cross-sectional image of the carbon steel membrane (A-side) exposed
to 400°C for 1 day.

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 Cross-sectional image of the carbon steel membrane (A-side) exposed
to 400°c for 7 days.

Figure 4.19 Cross-sectional image of the carbon steel membrane (B-sice) exposed
to400°c for 14 days.
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Figure 4.20 Cross-sectional image of the carbon steel membrane (A-side) exposed
to 400°c for 14 days.

4.3 Kinetics of Oxide Formation
Below 570°c, the possible products of oxidation of carbon steel are Hema-

tite and Magnetite. The schematic of iron oxide formation is shown in Figure 4.21.
The reactions if iron to form Magnetite (Fesos) and Hematite (Fe203) are as follows:

3Fe+202->Fes04 (4.10)
2Fe+702—>Fe203 (4.11)
li _ :
llThickness of oxide layer = x Oxicle Layer of Fe20 3or Fed) 4
Fe Surface
Fe

Figure 421 schematic of iron oxide formed on iron surface.



4.3.1 Diffusion of Oxygen Through an Oxide Layer Control

Form the diffusivity equation;
dCQ ~ dNOi

4.12
dx dt (412
where the diffusivity of oxygen through an oxide layer
¢ 2 = the concentration of oxygen ill surroundings
N®@=moles of oxygen
X = the oxide layer thickness
t=time,
43.1.1 [fMagnetite was Formed
From reaction 4.10,
dNa ] rFe'T (4.13)
at ="y

where ri0=mole of Fe/unit time per area reacted.

And from drgt&e = rFRMW R (Mass Fe reacted/ unit time per area) rFebecomes

re=M L' dt
Substituting Eqs. 4.13 and 4.14 into Eq. 4.12 yields
_D dca 2 dm,l (4.15)
°2 dx 3MWF dt
Rearrange Eq. 4-15 to get
dCol _ 2 dm0, (4.16)
dx 3MWLD® dt
Integrating Eq. 4.16 yields
_C 2X dmO], (417)

! = JMWFDOL dt
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Rearranging Eq. 4.17 becomes

ﬂﬁm_ 3°%MX%P% (4.18)

From Eq. 4.10, the rate of FesGa formed is equal to one third of the rate of Fe re-
acted, therefore,

A g = mFei* 14 39\

C3IMWI MW
where mFe = the mass of Fe reacted
mF 0 = the mass of Fe3C formed
MW Fe= the molecular weight of Fe
M W p@= the molecular weight of Fe3Cs

Rearranging and dividing Eq. 4.19 by density of Fe3Cxs, p R yields

y _ imFerFe,Ot (420)

FeA = ~3 MWFp P

The change in oxide layer thickness by time is expressed as
dx dmk

. (4.21)
~dt= dt  hebi
Substitution of Eqs. 4.18 and 4.20 into Eq. 4.21 yields
f3C,IMWFD 0L A
dx " 1 01 (4.22)
dt 2X yv 2 MWFep A
Thus,
dx _ 1Cp1D02MW1.,.(ﬂ (4.23)
dt =2  xpFe
Integration of Eq. 4.23 yields
x2 1C0DOIM Fel0 (4.24)
2 2 Piow
or
X2 _ Cpi <MW Fel011 (4.25)

PFe/)A
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43.1.2 [fHematite was Formed
Reaction 4.11 can he written as

Fe+~02 Fe20 s (4.26)

And the reaction rate is expressed as

AN
= 4.27
i 0 (4.27)
Substituting Eqs. 4.27 and 4.14 into Eq. 4.12 yields
ier in (4.28)
dx 4MVFE dt

Rearrange Eq. 4.28 to get
dCn dm 1

dx  4MWFDOL dt 4.29)
Integrating Eq. 4.29 yields
Lo = 4M\/\7)|(:eD01 drgtm 4.30)
Rearrangement of Eq. 4.30 yields
dmg  4cq MWL) t4 31

~dT=
From reaction 4.26, the rate of Fe2Us formed is equal to a half of the rate of Fe re-
acted, therefore,

1 W _ AF e 22)
~2M W Fe A MW FeX8

where mIb = the mass of Fe reacted
mFeB = the mass of Fe2Css formed
MW 6= the molecular weight of Fe
MW 1601 = the molecular weight of Fe20s
Rearranging and dividing Eq. 4.32 by density of FeoUs, p TBByields

1 rem w 6101
i 433
VD =0 Mw mp L (4.83)



The change in oxide layer thickness by time is expressed as

dx dmke
dt=  dt  F4h

Substitution of Eqs. 4.31 and 4.33 into Eq 4.34 yields

ix | ACOMWRDR [ 4 )

at 3x y\ 2 MWFep Fe2”
Thus,

dx _ 4 ¢ 021)02M W 10202

dt=6  xplw
Integration of Eq. 4.36 yields

x2 _4cRDRMW FeAR1

0 Pl-epi
or

rp  4C0D02M  Fmo2l
3 pfex3s

4.3.2 Chemical Reaction Control

4.3.2.1 [fTMagnetite was Formed

From reaction 4.10, rate of reaction is

dN 01 (2)
dt =,f3,

Assume rRe=rCO0 , therefore, the change in mass of Fe is

drn=rFm10 =rC02mFk

The change in oxide layer thickness by time is written as
dx _ 1dm,.1 MWFRot
dt=3 dt MW,0p R

Substituting Eq. 4.40 into Eq. 4.41

dx _1rC0 mioM 0202
dt=3 MW1Lp02AR

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)



Integration of Eq. 4.42 yields
1 TCQn Fem w Fetot

3 MW RID:

4.32.1 [fHematite was Formed
From reaction 4.10, rate of reaction is

iNL (3
dt =rF\4 ,

The change in oxide layer thickness by time is written as
&k 4dm,] MWRZL
dt 6 dt MWHpRO
Substituting Eq. 4.40 into equation 4.45
dx _ 4 rCOmREMWHLL
dt & MVRpFRIL

Integration of Eq. 4.46 yields

(443)

(4.44)

o4.45)

(4.46)
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433 Kinetics of Oxide Formation on Carbon Steels Exposed to an Atmos-
phere with No Change in 0? Concentration (B-side)

16.0
140
- 120
- 10.0
80 X
Equation y=at * -6.0
Act R-Squcre 087924 0.96548
Vdue tendcrd Eror
5. x Interoept ~ 1.34645 04214 -4.0
' . x Slope 0.18358 0.04654
Y X2 Intercept 136397 11902 _,
» | X2 Slope 0.94076 012468
1, -
2 4 6 8 0 1w 16

Exposure time (Days)

Figure 4.22 Relation between x or x2 and exposure time for B-side ofthe 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 4MC in an at-
mosphere with no change in ( 2 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 (Fe2Cs)

From Linear it 0f x2 and based on Hematite formed, Da was deter-

mined:
Slope ofthe Linear fit = 0.94076 pm2day = 1.089 X 10"7 ma/s.
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where; x is the thickness of the oxide layer,
tis exposure time,
kpis the parabolic rate constant,

wwp % 1S the molecular weight of Fe2Cs= 159.69 g/mol,

p 100 is the density of FeaUs = 5.242 gloms = 5.242X 10 g/m3

¢ (Lis the concentration of oxygen:

¢ (L ats°c=8.59 moles/m3 ¢ Qatsoo°c = 3.80 mol/ms

DA 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,
A =1.08x1071

kp=1.089x10-vm2/

DI =7.05545x10-4 2/

The diffusivity of oxygen through oxide layer in atmospheric air at
400°c is 7.05545x10’lim2 and the parabolic rate, kp, is 1.089 X10~' m2/ .

This diffusivity was further used in the determination of kinetics of
oxide fonnation in an atmosphere with change in ¢ concentration.
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434 Kinetics of Oxide Formation on Carbon Steels Exposed to an Atmos-
phere with Change in 0? Concentration (A-side)

In this section, the rate of oxide formed in each set of the experiments
was determined. From the material characterization results, the assumption of all ox-
ide is Hematite was applied to the experimental set 1and the assumption of all oxide
Is Magnetite was applied to the experimental set 2

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

(>0 - 7.05545X10"14m21s) was used to determined the kinetics in both parts of
experiments. Coz at25°c = 8.59 moles/ms was used as an initial oxygen concentration
(c@o) 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 iceal gas law (PV*nRT).
4.34.1 Kinetics of Oxide Formation in Experimental Set 1 (A-side-1)
Assuming all oxides formed are FezCs.

(4.49)

where x = oxide layer thickness = boundary layer thickness
A = total exposed area insice the cavity
V¢ = volume of the cavity (m3)

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

450
Foare [43)

(45)
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Rearranging Eq. 4.51 obtains

o dx= L (48)
.- PfdIAX I, 1
2 MWFY cCR0J
Integration of Eq. 4.52 yields
( |y f2 DEMWRZZ: @o t @45
Pfca” x P
| 2MWHEL G @ J
From integration formula
Jm dX :E"Q—M(ax + b)
Let
a= i. PfS'FB’\
2 MW1Ay G L
. 2DEM Ry @0
Pras
Eq. 4.53 becomes
X b _
A In(ax +h) =ct (4.54)
Multiplying both sicles by “a” yields
X---éln(ax +h) =act (4.55)
Take the following values to evaluate the parameters in Eg. 4.55;
ve = 13 X1045m3 D02=7.05545x10~utn/s
A=26.417x10"m; MW 12 =159.69 g/mol
¢0 0 =859mol/m3 PEo, =5.242 X10"g/m1

Therefore, a= 2.12x106 1 b=+1.0 and =6.75x10 iSmas.

The plot of oxide layer thickness (x) versus exposure time (t)
from Eq. 4.5 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. 4.5, this
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might be because the oxygen concentration inside the cavity which used in the calcu-
lation (CQi (x)) is different from the actual Oz 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 FesUs (differ-
ent from the assumption that all oxides formed are Fe2Us), 3) the diffusivity of oxy-
gen through the FezUs 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 ofthe 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 Oz 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 Oz 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.



Concentration of Oxygen ( ©/m3

Figure 4.24 Relations hetween concentrations of air and oxygen inside the cavity
and exposure time of the set 1 experiment.

Figure 4.25 Relations between pressure insice the cavity and exposure time of the
set 1experiment.
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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 s
possible that some Oz in the system was consumed to oxidize the steel before the
temperature reached 400°c.

4.34.2 Kinetics of Oxice Formation in Experimental Set 2 (A-side-2)

Assuming all oxides formed are FezUs,

moles of Oz in boundary layer * hg\;fe%%(/c (4.56)

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

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

Coo) = Gus 2 el (451)
Substituting Eq. 4.57 into Eq. 4.23 yields

dx 1D0MWF P Ax (450
dt 2 XPreh  c20 MWERYE0L '
Rearranging Eq.4.58 obtains
X | ry-d DpjMWz o ¢ QLo
L, PreAX 2 Pfo
MWFep'c C (20J

(459)
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Integration of Eq. 4.59 yields
A O A A
.y PfodaX pFébl
v MWFen:r ¢ * oy
By definition,
170 dx = a—a—ln(ax D)
Let

(4.60)

P fcdodj
a =~2~MVRL0VeCaY,
bh=+10
¢_ 1" eeMWRuCo20

Eq. 4.60 becomes

x D _

2 a0 In(ax +h) =ct (4.61)
Multiply both sides by “a” yields

K= In(ax +h) = act (4.62)

Take the following values to evaluate the parameters in Eq. 4.62,
W =1.3x10-5m2 ¢ 010 =8.59 mol/m

At = 2.64 X10+3m2 DO =7.05545x10 m2s
V2=1.3x 10 sm3 MWaq =231.553g/wol

A2= 250 103m2 ke =5.17x106g/7

Therefore,

1]= 106x106mJ al=1.00xI0sx 7
i]=+1082 = +10
¢, =1.36x10 v 2, ¢2=1.36x10 § ¥/

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 insice 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).



Concentration of Oxygen (mol/m3

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 hetween pressure inside the cavity and exposure time of the
set 2 experiment.
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