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Chapter |
Introduction

1.1 Industrial Context

1.1.1 Solid oxide fuel-cells (SOFCs)

Among various types oi-eifective technologies for energy conversion, solid
oxide fuel cells (SOFCs)_system.is one of future energy supplies with regard to high
potential, and environmenial friendly technologies. SOFCs can make use of various
fuels (Hydrogen —as de other fuel cell typés:_, as well as methane (natural gas, biogas,
etc.) and reformed liquid fugls (diesel, kef"gséne, ete.)). The multi-fuel capability with
little or no fuel gas treatment is a uniq'ué!' characteristic of SOFC. Moreover, the
produced heat can be easily used in coge:ﬁ;éfatli!on systems with or without turbines.
The combination of SOFC with-a gas tm’blne offers high electrical efficiencies
compared to other -power conversion syétéﬁé '(approx. 60-65% va today’s 40%
maximum). SOFC | technology today is being introduced in field tests (planar
technology, 1 to 5 kW, and demonstrators (Tubular technology, 100 to 300 kW)
(Antoni, 2004). ' '

SOFCs,;named: due 'to 'the: application of a ‘solid| oxide as electrolyte, are
electrochemicalireactors for direct conversion of chemical energy of gaseous fuel and
oxygen-into-electrical ;energy-at-high, temperatures (econventionally;800 — 1000°C).
Figure L shows 'the" SOFCs components ‘and schematic-working principle (Antoni,
2004).
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A single unit of SO pns:sts of a;ga;s;_tlght electrolyte separating the porous

cathode and anode, and an elettncal |ﬁ|;connect which links individual cells

SAE—

together. Yttria dopeq zirconia is the popular electrolytgf materlal because it reveals

predominately |0n|c.90nduct|V|ty over a wide range of Q_x;ﬂlgen partial pressure. The
most common materlal Iused for the anode side is a cermet made of nickel with the
electrolyte material. At the.cathode side, the cathode material should be electronically
conductive. Perovskite structured ceramic has then-been the best choice, in particular
the strontium doped lanthanum manganite (LSM), because this material exhibits an
excellent thermal expansion match with the zirconia electrolyte aid good performance
at high temperatures. Finally, the electrical connection, called electric connector or
briefly interconnect, can be a ceramic or metallic material but, at intermediate
temperatures (600°- 800°C), a metallic material may offer more advantage over a
ceramic material including lower cost, easier processing, better workability, improved
mechanical strength, higher electronic conductivity, higher thermal conductivity, etc.,
(Antoni 2004). The effort in several researches (Antoni, 2004; Chandra-ambhorn,
2006; Fergus, 2005; Geng, 2006; Kofstad, 1992; Piccardo, 2006) were, as well as this



study, dedicated to study metallic interconnects which will be mentioned
subsequently.

For the working principle of SOFCs, when oxygen in air is flowed in the
cathode cavity, oxygen will be reduced at the cathode/electrolyte interface to form
oxide ion. In the other hand, several types of fuel, for example hydrogen or methane
or biogas, may be fed at the anode side. Hydrogen in the fuel gas is oxidised at the
triple phase boundaries (TPB) (electrolyte/ancde/fuel) and react with the oxygen ions
which migrate from the cathode side through.ihe electrolyte to the electrolyte/anode
interface. Electrons are then liberated to flow from the anode to the interconnect and
to external circuit then ie" the cathode for the complete electrical circuit. This
mechanism is efficiently.described to understand by the following chemical reactions
(Antoni, 2004):

Cathodic reaction: %Oz RO b (1.1)

Anodic reaction: H 70> = ,HédjL 2e” (1.2)

or CO+0* —CO, +2e" (1.3)

Overall reaction: %Oz +H,—H,0 (1.4)
1

of EOZ HGO,-=CO; (1.5)

The eguations, (1.3)1and (115) aré frequently used for the-tase of the presence
of CO at:ithe anode side.

1.1.2 Biogas-fuelled SOFCs

Due to their operation, hydrogen is usually fuelled in anode side and air is
generally used for the cathode side. However, not only pure hydrogen can be used as
fuel, but ordinary fossil-based as well as other alternative fuels can also be supplied
(Herle, 2004).



In research of fuel gas, the biogas, one of attractive type of fuel gas, has been
considered as a superior choice for anode side due to its primitive and renewable
nature (Herle, 2003, 2004-1, 2004-11; Norheim, 2004). The biogas typically refers to a
gas produced by the biological breakdown of organic matter in the absence of oxygen.
In addition, biogas fabrication is a friendly and sensible way to process waste streams
of variable nature (sewage sludge, liquid organic industrial effluents, farm residues,
landfill, municipal and industrial solid organic.residues).

At the laboratory scale, it has been recently reported by Girona et al. (Girona,
2006) that the electrical performance of a single stack under simulated biogas is very
close to its characteristierPerformance under hydrogen (207 mW.cm™? and 245
mW.cm 2 respectively). INeverthéless using biogas as a fuel is a good agreement, but
the corrosive environment between éa{ibon-containing atmosphere and SOFC
components should be alsg considered.

The biogas is produced from differ’e_r_]t___sources, for example, landfills, sewage,
sludge, and biowaste digesters during anz_;;t,_erbbic degradation of organic materials.
Biogas generally contains approximately 50‘%—.1__70% of methane, 30%-40% of carbon
dioxide and others. Depending on the ,réépg_rce, Rasi et al. (Rasi, 2007) have
determined the major and trace organic compounds in- bipgas and the variation in
biogas composition-ia three different types of biogas producing plants: a municipal
landfill, a sewage digester, and farm biogas plant. Compositions of the biogas from

different sources are shown:in Tablel.1.

Tablel.1: Contents of methane, carbon dioxide and other species in biogas from

different biogas producing plants(Rast, 2007).

Biogas CH, CO; 0, N> H,S Benzene Toluene
(%) | (%) | (%) | (%) | (ppm) | (mgm™®) | (mgm)
Landfill 47-57 | 37-41 | <1 | <1-17 | 36-115 0.6-2.3 1.7-5.1

Sewage digester 61-65 | 36-38 | <1 <2 b.d* 0.1-0.3 2.8-11.8
Farm biogas plant | 55-58 | 37-38 | <1 <1-2 | 32-169 0.7-1.3 0.2-0.7

*b.d- Below detection limit 0.1 ppm



According to Tablel.1, the highest methane content, 65%, was detected in the
gas from sewage digester and the lowest, 47%, from landfill. Whereas, maximum
content of CO, detected in landfill was 41%. Many volatile organic compounds
(VOCs), for example, benzene and toluene, harmful to the environment and human,
possibly occurred in biogas because waste which entered the plant was probably from
industries and mostly consisted of natural component of crude oil widely used in
industries. Table 1.1 also reveals that the level:of oxygen in biogas was less than 1%
because the occurrence of high amount of air in biogas can increase of risk of

explosion.

1.1.3 Metallicanterconnects

For the last decade,metals have piayed an important role to be used for
interconnects in SOFCs at intermediate temperatures (600-800°C) but the most
influential problems were their reactivity, especially the formation of oxide scales on
the surface in contact with anode and cathode side service environments. In theory,
the use of alloys with high -temperature oxidation resistant property and high
electronic conductivity-—property-—ight—be—consideretd but unfortunately these
properties are inversed:

There are many conventional high temperature metal alloys available for
consideration. /~~ Suchalloys generally contain ichromiumy, and/or aluminium and/or
silicon as alloying ‘additions relying on the formation of protective scales of chromia
(Cr,03), alumina (Al,O3) or_silica (SiO,). Hewever, alumina~and silica act as
insulating materials, leadingctas very~high areac specific resistance (ASR) value.
Therefore, most studies on metallic material at high temperature for SOFC
interconnect deals with chromia forming alloys. Its electronic conductivity
(10°-1072 S.cm™ at 800°C) is orders of magnitude larger than that of alumina and
silica (Antoni, 2004).

Moreover, the oxide scale should be adherent to the substrate. This is to

provide the durability of interconnect stainless steels for long-term service. Indeed,



oxide spallation can lead to the physical separation between metal and oxide scale,
acting as infinite electrical insulator.

However, it is not only the growth oxide scale of chromia that is a main
problem for SOFCs interconnects but also volatilisation of high valence Cr(VI)-
species at the cathode side in the form of CrOs, and/or CrO,(OH), at working
temperatures (the second one enhanced by the presence of humidity) so such
poisoning is most likely to occur within the gathode (Fergus, 2005).

Some minor addition elements are reguired to satisfy the desired properties.
For SOFC interconnects, key properties are reactivity with service environment and
electrical conductivity. Small additions (0.1%) of oxygen-active elements such as
yttrium, cerium and other rare €arth metals may improve growth scale behaviour
(Kofstad, 1988). There are several advantages of these elements on the oxidation
behaviour: (1) the growth rate/of chromia.isseduced. (11) the adherence of chromia to
the alloy substrate is improved and (H1) the scale is more dense (Kofstad, 1992).

As well as manganese (Mn).or titan_iu?n (Ti) additions, the formation of Mn-
Cr spinel phase (MnCr,0,4) €an teduce chro‘f;h-ium evaporation by lowering the activity
of Cr,03 (Gordon, 2006) whereas futile (TiO), ’v_vhich can form in the outer portion of
the scale may also reduce chromia volatilizétiz)n. Geng £t al. (Geng, 2006) showed
that the effect of Mn.and Ti content on the oxidation Kinetics of ferritic stainless steels
was important. The higher content of Mn and Ti1 were in the alloy, the larger the
weight gain. In additiony molybdenum and, tungsten were added to better match the
coefficient of ‘thermal 'expansion (CTE) of! the' alloy to those of the other fuel cell
components (Fergus, 2005).

Presently, numerous commietcial|alloys based on the Systems NiCr, NiFeCr or
FeCr are available for consideration. Nickel-based alloys present high mechanical
strength and high surface stability but they reveal higher CTE than those of the other
fuel components. Thus, this is the significant advantage of ferritic stainless steels over
nickel-based alloys for application as SOFCs interconnects. Moreover, because of
low—cost methods of production, ferritic stainless steels are the most attractive

materials for metallic interconnects (Fergus, 2005).



In addition, when using methane or biogas as an anodic fuel, an additional
requirement is that the high temperature alloy should also exhibit carburisation
resistance in the zone of gas inlet. Oxide scales of chromia are generally used under
these conditions, but chromia scales are not completely dense and impervious to
carbon or carbon-containing molecules. Chromia-formers have shown to provide a
long term protection when their scales are formed by pre-oxidizing the alloys prior to
the exposure to carburising conditions. ‘Example of alloys such as G4857(HP),
G48485 HK-40), 36 XM(HP-med), i.e. iron-niekel-chromium alloys, are available for
this case (Kofstad, 1992).

Nevertheless, feritic stainless | steels have been considered as attractive
materials to be used as interconnect subjected to simulation biogas by Jian et al. (Jian,
2003). Uncladed and Ni-eladed feritic stainless steels were exposed to carburisation
atmosphere for 1000R. Their results showed that there was no benefit from Ni
cladding the surface ofithe stegl because Ni cladding was deleterious, raising carbon
diffusion into bulk and ferming some metal. éérbide in ferrite grains and at the grain
boundaries.

In the recent years, 18 Cr-ferritic stainless steels have been evaluated for the
application of SOFCs .interconnects in synthétic air .and humidified hydrogen by
Chandra-ambhorn (Chandra-ambhorn, 2006). AlSI441 was selected for using as
interconnect but it appeared necessary to improve electrical conductivity of the
formed scales. Their report.concluded that, TiN-coated AISI 441 exhibited the best
optimised properties tobe applied as SOFC interconnect.

1.2 Objective ofiResearch

According to Chandra-ambhorn‘s thesis (Chandra-ambhorn 2006), AlS1441
grade was proposed as the best optimized grade to be applied as SOFCs interconnect,
relying on the evaluations in term of oxidation kinetics, adhesion and electrical
conductivity tested in simplified atmospheres: synthetic air and humidified hydrogen
as fuel. According to high cost of Crofer, AlS1441 instead of Crofer tends to be used

as SOFC interconnect with the surface modification.



Currently, performance of the single cell operated under biogas has been
tested at several laboratories. Study of the performance of stainless steel interconnects
subjected to biogas atmospheres is now required to complete the understanding of the
behaviour of all SOFC components subjected to biogas before the surface
modification.

Therefore, the present work is.associated with the application of conventional
ferritic stainless steels (primary AISI 441) as SOFCs interconnect. Specific
interconnect stainless steel Crofer22APU is alse'studied as a reference materials.

The aim of this research-is to study the reactivity of ferritic stainless steels
subjected to simulated biegas<atmospheres in order to understand the corrosion
mechanism and relates i@ their corrosion behaviour as interconectors in SOFCs at

high temperature in synthetic bigoas.

1.3 Research Scope

This research will be studied and investigated in term of thermodynamic
calculations, and physico-chemical characterisation.  The first physico-chemical
characterisation is te<study the oxidation Kinetics of ferritic stainless steels in pure
CO, atmosphere at temperature range of 800-1000°C. The study of the corrosion
behaviour in synthetic® kiogas atmosphere (CH4+CO;) will be accomplished

subsequently.

1.4 Advantage-of Researeh

The study of the reactivity of ferritic stainless steels exposed to synthetic
biogas at high temperatures will provide the knowledge to understand the mechanism
and behaviour of corrosion in order to develop and/or modify the surface of stainless
steels for SOFC applications.



1.5 Research planning

Task/Quarter 112]13]4|5]|6]7]8]9]10

11

12

1. Literature reviews

2. Thermodynamic calculation

A

2. Kinetics of steels in COy N VA,

3. Kinetics of steels in nﬁﬂf A

4. Surface characterization

5. Discussion & Conc ‘%/7 by

6 Redaction

AU INENINYINS
RIAINTUNRINIAY




Chapter 11

Literature review

The basic ideas of thermodynamics and kinetics of high temperature corrosion
will be summarized in the following. The .detail of these subjects can be found in
many standard textbooks (Birks, 1983; Denoi#;"2006; Kofstad, 1988; Lupis, 1993;
Sarrazin, 2000). '

2.1 Thermodynamics‘Considerations

General chemical reaction may. be;given as
XL vA=04 (2.1)

Where Ajs represent reactants Gfifproducts and ws are stoichiometric
coefficients which are the numbers io balahcje'lj"stoichiometricalIy the reaction. They
are considered as algebraic: positive for the products and negative for the reactants.
The increments in the fmel-humber-dhy;-of-the-substance Aj produced by reaction are
related to each other by following relations

dny _dn, __dn

== —"=dA (2.2)
in o1'a 1%

where A is a parameter designating the progress variable of the reaction.
The Gibbs free energy.of.a system, with the*variables.of temperature, pressure
and the mol number ‘of its components-may be given by the'equation
dG = -SdT +VdP + ) _ x,dn, (2.3)
i=1

Corresponding equation (2.2), equation (2.3) become
dG = -SdT +VdP + (Zvi m jd/i (2.4)
i=1

where 4 is the chemical potential or partial molar Gibbs free energy of component i

At constant pressure and temperature, the criterion of spontaneous reaction is
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(dG),, <0 (2.5)
By definition AG = v (2.6)
i=1

By equation (2.4) and (2.5), therefore the criterion of spontaneous reaction become
AGdA<0 (2.7)
The meaning of this inequality is that at constant temperature and pressure the
possible process can occur if the variations/musibe such that
(@G}, , =GdA=0 (2.8)

If AG is negative, dA must he positive and the reaction will be proceeded
forward. Contrarily, IT AG#is positive, d4 must be negative and the reaction will be
proceeded backward. X

The chemical potential or partial T_hql_ar Gibbs free energy of specie i is more
practical to analyze it inderm of activity a'st_fdllow

J = (T)&RT Ina, (2.9)

where a; is the activity of comporent i at température T and «° is chemical potential

at standard state. 7N
From equatiori(2.6), the equation (2.9) vields

AG=A6=37, (1, 7i)
= ’ (2.10)

= RTzr:In a,
i=1

The equation (2.10) can be rewritten between products (v >0,i=1,2, 3, ...,

k) and.thereactants (v <0,i=Kk+1, k+2, k+3, ... ,r)as follows
A,G-AG°=RTInQ (2.11a)
Q — (a'l) (a'Z) (a3) ”'(ak) (211b)

(ak+1 )Mﬂ‘ e (ar )‘Vr‘

Since at equilibrium A,G = 0, Q takes the equilibrium value designated by K

(Q)eg =K (2.12)
Hence the equation (2.11) can be written

A,G° =-RTInK (2.13)
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K is called the equilibrium constant and depended on the Gibbs free energy at
standard state and temperature. If Q > K the reaction proceeds backward, conversely,
if Q < K the reaction proceeds forward.

Considering multicomponent system, Gibbs free energy of mixing, designated

GM, was rewritten as equation following
GM = ini,ui (2.14)
[
Applying this equation with equation (2.9), equation (2.14) becomes
Gz RTini Ina, (2.15)
=
or in the term of molar Gibbs free energy, G , equation (2.15) may be rewritten

Gl =RTFXX; Ina (2.16)

=4 o

where X; is mole fraction (X, = .@.)

Zni '_-"!.-
=t il

However, for general solution, Gibbs free energy of mixing consists of three
contributions: the reference term, the ideal feFm, and. the excess term. In a simple
substitutional solution/(only one lattice site with random occupation), the well-known
Redlich-Kister-Muggianu polynomial is then used for the excess term. The equation

(2.16) therefore becomes:

G =3 X, + RT3, I3 + 373 X6 3L (Tx & )
i=1 i=1 (XL”; (T<)J+ 0 L::(ZT) ) | B (T)) (217)
£ 222 XXX, (X + X, +X,)

i <j =<k

where L/ (T) is Redlich — Kister coefficient in function of temperature

It is necessary to minimize the total Gibbs energy of all the phases for the
calculation of phase equilibria in a multicomponent system. Hence

G =minimumordG =0
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However, the total Gibbs free energy has nowadays been determined by the
various softwares such as FactSage, Thermocalc or other.

In its most complete form these software incorporate a database with
enthalpies and entropies of formation of a large number of molecular components.
The database is input to the program in the system and a range of temperatures that
are of interest in the problem. The mast software will be proceed as follows (Dehoff,
2006)

a) Development of a list of the molecular'components in its database that may
form from the elements that are.input.

b) Construction of-a list" of independent balanced chemical reactions among
these components by relation of r = 'c-e (where r is a number of independent
conservation reaction, ¢ isf€omponerits in.system, and e is elements in systems).

c) Retrieval of‘enthalpies and entrapies for these reactions in its database.
d) Computationof AG’ values fof:each reaction at a temperature of interest.

e) Calculation of the corresponding §qﬁilibrium constant K.

f) Analysis of this set/of equatioh_éjifor the compositions of each of the
components at equilibrium. ¥

Mathematical method was used to derive some data base of Gibbs free energy
in FACTSAGE to ‘thermodynamic consideration. Figure”2.1 shows the schematic
diagram of FactSage algorithm which uses the method of minimization of Gibbs free

energy.
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Figure 2.1: Schematic diagram af theoretical background of FACTSAGE (Factsage).

2.1.1 Thermodynamics of gaseous atmospheres

Recalling equation (2.9), activity of gas IS substituted by the variable called
“fugacity, f . The equation (2.9) then become

=1 () +RT In% (2.14)

It is convenient,to-consider the value.of the fugacity-in.the standard state of
gas (f°) to be equal to 1. At'the State of gas less'than 1-atm, the gas will behave as
perfect gas. The fugacity of gas will be then written in term of partial pressure of gas
(f = p,) (if Py is the total pressure in the system: p, = X,P,, X; is mole fraction of the

specie of gas). The equation (2.14) can be rewritten as

1 :N?(T)+RTIn pi

(2.15)
:M?U)+RT InX;R
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At equilibrium state, by substituting equation (2.15) in the equation (2.11) for

general reaction of gas mixture, it comes

AG’=-RTIn—=t (2.16)

However, in the case of complex gas in atmospheres, it is necessary to use the
method of Gibbs energy minimization with-thermodynamic calculation program.
Special program such .as. CHEMSAGE/FACTSAGE and GEMINI have been
developed to calculate the equilihium composition of the gaseous phase.

In case of biogas atmospheres, the principal components are methane and
carbon dioxide. Three‘possiblg reactions i_pvolved in the production of hydrogen for

SOFC are shown as follows —~

CHy 4 €05= 2Hj +12CO 2.17)

CHz#H,0 =8H, + CO (2.18)

CO+H,0=H; +CO; (2.19)

The equation (2:4-7)-is-catted-reaction-of-ary-feforming of methane. When the
SOFC is operated using an oxygen ion-conducting electrolyte, water is also generated
by the electrochemical reaction of hydrogen and oxygen ion and therefore, the steam
reforming of methanes(equation (2.18)) and:the swater .gas«shift reaction (equation
(2.19) also take, place:"However“feedingbiogas-rather than hydrogen, important
problems remain to_be solved, One of them is the‘problem of carbon deposition on the
anode and: intercanneets. The following reactians: are_the | most_possible carbon

formation reactions in the system:

2C0=C0,+C (2.20)
CHs=2H,+C (221)
CO + Hy = H,0 +C (2.22)
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All reactions are used to examine the thermodynamic possibility of carbon
formation by calculating the value of their carbon activity (ac). When a; > 1, carbon
formation is observed. Whereas a. < 1, carbon formation is thermodynamically
impossible.

A number of efforts have been carried out to diminish the possibility of carbon
deposition in industrial systems. Some additives such as molybdenum or cerium metal
oxides, to the Ni-based anode or stream, were added to reduce carbon deposition
(Assabumrungrat, 2006; Finnerty, 2000; Pirecnlerkgul, 2008).

Assabumrungrat et al. (Assabi]mrungrat, 2006) have reported with their
calculations that carbon_aetivity. decreased dramatically with increasing CO,/CH,
ratio and in addition, steam showed a more pronounced influence on inhibiting the
carbon formation than cagbondioxide particularly at low operating temperatures.

As well as the‘report of PiroonlerlZQuI et al. (Piroonlerkgul, 2008), a reforming
agent (steam or air) is‘required to inhiblit the carbon formation when temperature
increases. Their calculations showed ihat thg rﬁol number of reforming agent required
per mole number of biogas- required _I-__-&'ef_c__reased almost hyperbolically with
temperature, attaining nearly constant value '_béyond about 1173 K. However, when
the amount of reforming agent irncreases, the -el_é'ctrrical efficiency always decreases. In
addition, steam is carsidered to be the most suitable reforrhing agent as the steam-fed
SOFC offer much higher power density than the air-fed SOFC.

2.1.2 Thermodynamics of metal oxide formation

Considering the' equilibriun between metal, its oxide, and gaseous phase of

oxygen, the reaction can be written
C<<M >> +gO2 =M_O, (2.23)

where <<M>> = metal in alloy

The Gibbs free energy of formation of a metal oxide is given by

a
AG, =A, G +RTIn[aCM—“O“b,2J (2.24)

<<M>>™0,
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At equilibrium, A G, =0, the equation(2.24) is then

a
A,G? =-RT In{%] (2.25)
a<<M >>a02
The unit activity of metal oxide and ideal gas are assumed.
0 1
Then, ArGf = —RT In W (226)
a<<M >> pOZ

A,Gj is the standard Gibhs free energy of formation of metal oxide,

To assess derivationsfrom_ideality, it IS convenient to introduce a correction
factor to strict proportionally.between the activity of metal in alloy (a<<v>> ) and mol
fraction of metal in alloy (Xeps-). 'i_'he correction factor is called the activity
coefficient and is designated by y<y~-. It can be defined by

o 2 r AN (227)
In the case of an /ddeal selution, :.';_/«M» =1 at all concentrations. In real
solutions, it is a function of compesition, témpt_arature, and pressure and its deviation
from the value of 1 will measure the deviai;ic;ﬁ"' of the solution’s behaviour from the
ideal model. . G-
In multicompghent-system;-Gibbs-Duherm-equation may be devised for the
activity coefficient by the equation (2.28),
Zr:Xidyi =0 (2.28)
j=1

For binary system, ‘the ‘Gibbs-Duhem equation become
X.dIny, + X,d In9=0 (2.29)

Integrating‘equation’(2.29) from Xy'= Lto Xj, it'coines
X, Xl
Iny, = _Ixz—lx_zd Iny, (2.30)

In the Knudsen cell-mass spectroscopy method for studying the
thermodynamic properties of a binary solution, the experimentally measured quantity
is proportional to the ratio of the activities of the two components. Knowing their

concentrations, we deduce a quantity proportional to the ratio of the activity
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coefficients of the two components. The integration of Gibbs-Duhem equation may
then be rewritten
_ X3 a,
Ina, = _-[Xzzlxld In(a—J (2.31)
2
As the activity of a component is directly proportional to its partial pressure
(assuming ideal gas behaviour), it is directly proportional to the measured ion current.
Hence,
ey i Yooin 2.32
na; —_szzl ain E (2.32)
The partial pressure ofa species within the Knudsen cell is given in such mass
spectrometric studies by the expression -
TR,
o
ob

where I;* is the ion current, T is th'e-temperature of the cell, & is the relative

(2.33)

ioonization cross section, /3 is therelative detector sensitivity, and K is a constant.
A form which is more suitable for 'Jgraphical integration is obtained by
deducting from equation (2:32)-the following expression which is obtained from the

relationship between the-mol-fractions.his-yield

Iy Ixxl xld[m(%] 4 |n(%ﬂ (2.34)

In 5 is) obtained ‘through a ‘plot of X3 ws “[In (I7/12)-In (Xi/X2)]. This

integration techiique is due to Belton and Fruehan (Belton, 1967)

a) Ellingham-Richardson diagram

According to equation 2.26, by assuming the unity of activity of the
pure solid phases, the oxide will be formed only if the ambient oxygen pressure is
larger than the dissociation pressure of the oxide in equilibrium with the metal. The
equation 2.26 may be rewritten
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2, G?
bRT

P

o, 0q = EXP

(2.35)

It means that a metal can be oxidized to the oxide ifP, >P,

2.6q "

TheP

o,cq 1S classically plotted in logarithm scale as a function of temperature to

simply consider the stability of oxide formation. This diagram is well-known as

Ellingham-Richardson diagram as shown in Figure 2.2. Along the ordinates are

plotted values of A, G? for the oxides and ¢ithespartial molar free energy of oxygen,
A, G refer to the standard free-energy 6f formation of the oxides per mole of oxygen.

The most stable oxides havethe Jatgest negative value of A,G{. For example, the

stability of the oxide inCreases from Fe;Osto Al,Os.

In addi#ion, sthis diagram_;‘is _established in mixture of gases where
oxygen is a component. The/mgst importéi:nta pairs of gases are in practice represented
by CO, + CO and H,0 + Hb. ;

The equilibriums forthese gd§e§ mixture are
TO; £co 130, (2.36)
and | H,0=H, +10, ’ (2.37)

The correspending partial pressure of oxygen can be expressed as

P 2
Por=1 K, COZJ (2.38)
PCO
P 2
and P, =|K, “20} (2.39)
2 PH2

where K; and K; are the equilibrium constants
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Figure 2:2: Ellingham-Richardson diagram for the oxidation of metals (Sarrazin,
2000).

b) Phase diagrams of some Fe-based alloys
The studied stainless steels investigated in the present work contains

the chromium in the range of 18-20 %wt. Comparing to the diagram Cr-Fe as shown
in Figure 2.3, both steels such 441 and Crofer, are therefore ferritic type.
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The minor alloying element—sl-__-rir@_,-__the studied stainless steel are such as
Mn, Nb, Ti, and La. Phase diagram of Fe-Nb :a_nd Fe-Ti are depicted in Figures 2.4
and 2.5 respectively for the studied stainless-s_t_éei 441 which consist of 0.49%wt Nb
and 0.16%wt Ti. From the diagram, it can be noted that some of intermetallic
compounds possibly form in bulk materials, Tfor example, Fe;Nb (Laves phase) or
Fe,Ti.

The reactive_element of Mn' in alloy has been also important during
oxidation. For the candidate alloys used as SOFCs component which contain Mn, the
phase ofispinel Mn-CrOwas-ustally ©bserved. In"order to reduceithe Cr evaporation,
by example, such a spinel play a very important role. Jung (Jung, 2006) calculated the
phase diagrams of the Mn-Cr-O system at various temperatures. The Gibbs free
energy of formation of the spinel Mn-Cr-O, according to the reaction

MnO +Cr,0, = MnCr,0,, was optimized to be — 51 kJ.mol™. These calculations

confirmed the appearance of spinel phase on the Mn-Cr alloy subjected to SOFCs

atmospheres with the partial pressure of oxygen in range of 10~ bar at 900°C. The
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phase diagram of Mn-Cr at 900°C is shown in Figure 2.6. The existence of this

compound will be essentially discussed later.
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Figure 2.4: Phase equilibrium diagram of the Fe-Nb system (Factsage).
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o

Due to carbon J‘ééﬁiaining- e blogas atmospheres, carburization

¥

A R e ) — .
process must be necessarily inctuded. Biogas enmronmejr}ts are characterized by low
|
oxygen activities and.refati

ities. \j’mowledge of stabilities of
relevant carbides, of metal - carbon phase diagrams ancd-of appropriate phase stability
diagrams serve as imp'GFtant bases for interpretations of the possible reactions.

They Ellingham/Richardson:-diagram -for--some metal carbides of
importance in ‘carburization of metals was calculated by FactSage in Figure 2.7. The
carbides show increase_in stability (at carbon activity equal to oné)from Fes;C to TiC.
The interpreted observation shows<that.Fe;C is stable at.temperature’ above 1080 K
only.
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Figure 2.8: The Cr-C-O phase stability diagrarh at 10738 K (Factsage).

2.2 High Temperature Corrosion

2.2.1 Oxidation mechanisms

Understanding ‘themechanisms’ of-corrosion ‘reactions at high temperatures
requires important knowledge such solid state diffusion and heterogeneous reaction
kinetics., Several authers-have extensively, studied these,paints,and provided this
knowledgeas detailed briefly’ in the*following summary (Kofstad,~1988; Mrowec,
1980; Sarrazin, 2000; Wyckoff, 1964).

2.2.1.1 Defect and diffusion in corundum structure

A few studies (Antoni, 2004; Chandra-ambhorn, 2006; Fergus,

2005) have reported that the corundum structure of chromium oxide (Cr,Og) is the



26

major oxide phase occurring during oxidation of the conventional ferritic stainless

steels. The following detail will be therefore emphasized in only Cr,O3 subject.
2.2.1.1.1 Corundum structure

In the corundum structure, the anions (O%) form a closely
packed hexagonal lattice in which the cat—'r6_n§,(Cr3*) occupy 2/3 of all octahedral
positions in the crystal structure. The cgordinatidﬁ number of the cations is six, three
O ions at distance of 1.97x40-*% i and three more separated with Cr-O = 2.02x10™*°
m, and the coordinationinyer of the Xnions 1S four. The symmetry is rhombohedral

t

with the distance of f
i structure is shown.in Figure 2.9.
/

(Wyckoff, 1964). The (p/l%

5.35x107° m and a unit containing two molecules

o
R
2, -

x,

Right:

Figure 2.9: Corundum structure black: cation, gray: anion (available from http://cst-

www.nrl.navy.mil/lattice/struk/d5_1.html)
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2.2.1.1.2 Defects structure of pure Cr,03

Brylewski et al. (Brylewski, 2001) have reported that Cr,O3
exhibits the mixed p-type and n-type properties independently on the oxidation
temperature. It was discussed that the n-type behavior of the scale arises in its inner

part (near the alloy/scale interface), where chromium interstitials Cr'** are the

dominant point defects, whereas the chromium vacancies, V", as the major defects,

lead to p-type behavior in the outer part of scale.

Other worksteparted the complex defect structures of Cr,O3 at
temperatures higher than ca.2000°C and lower than ca. 1000 °C (Holt, 1994-1; Holt,
1994-11; Kofstad, 19804*Young,1985;). -~

Cr interstitials- Ce** are the predominant Cr point defects,

showing n-type behavigur, with scale ok,iciised in the effective partial pressure of
oxygen which is close to the decompositioh'p"r’essure of Cr,03 in equilibrium with Cr
metal. Contrarily, Cr,O3 is @ p-type conde:tojr,at atmospheric and near-atmospheric
oxygen pressure due to a higher meobility fo;‘-eiléctron hole than for electron (Kofstad,
1980; Young, 1985). s

Considering formation and corresponding defect equilibria of

the probable native point defects in chromia, the possible defect reactions of

mn
chromium vacancies Vcg, ~Chromium interstitials Cr*", oxygen vacancies V;*, and

oxygen interstitials ©,"_may:be written as [Holt (1994)]

Chromitum \Wacancies:

3 3

Zo2 =V +3h° +EOO with K,, = [vc”r’]. p*- P (2.40)
Chromium interstitials:
%Crzos =Cr™ +3e +%o2 with K,, =|Cr™]-n®-R5!* (2.41)

Oxygen vacancies

Op =V3 +2¢’ +%o2 with K,, =[Vg*|-n?-Ry/? (2.42)
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Oxygen interstitials:

%oz =0/ +2h* with K, =[0/'] p*- Py (2.43)

where Ky is the equilibrium constant of the Reaction (2.40), and similar for the
others.
According to electroneutrality condition in the reactions (2.40)

to (2.43), the concentrations of each ionic point defect become as follows:

VY| = 3 g R (2.44)
[Cre | 28K B (2.45)
Vo' | =24 B, 1 - 4 (2.46)
0| = 2 YR G PG (2.47)

In the case that the iﬁtri'lrw'"sic electronic defect is considered to

be dominant, the concentrations -of electrons and. electron holes are given by
n= p=K"?. By inserting these efectronic concentrations into Equations (2.40) to

(2.43), the concentrations of each ionic point defect in this case is then given as

[VC”r/]: Ky - Ki—s/z . p32/4 (2.48)
[Cri...]z K31 . Ki—3/2 . PO—23/4 (249)
B/o"]: Ky - K®- Po_zl/2 (2.50)
[Oi//]: K33 ) Kiil ’ Pééz (2-51)

From Equations (1.23) and (2.44) to (2.51), the defect structure
of Cr,0O3 was proposed as in Figure 2.10 (Holt 1994). At the temperatures higher than
ca. 1000 °C, it was discussed (Kofstad 1980; Holt 1994) that Cr,O3; behaves as an

instrinsic electronic conductor in the outer part of scale. The oxygen activity of 1 bar
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corresponds to the middle part of Figure 2.10. In the inner part where P02 is lower,

Cr,”** is the dominating cation with the n-type property.

Ili_TIITﬂII'IIllllllI'||tll|5|‘,l
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Log [ Defects )
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LTogph
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Figure 2.10: Kroger-Vink diagram for a defect structure situation in Cr,Oz where
intrinsic electronic defects” dominaie at the near-stoichiometric composition (Holt,
1994-1). e

“It may be noted that the n-type behavior of Cr,O3 at the low

P02 is also possible.<¥oung et al. (Young, 1985) have concluded that the porous

Cr,03 equilibrated:with a low oxygen partial pressure (Hx/H.0Q) at 1920 K behaved as
an n-type material in which"Cr interstitials are the"dominating-point defect. However,
it was_also_reported that stainless steels 304lc-oxidized in CO, behaved n-type
property with oXygen vacancigs in<contrast to that observed in'the oxidation of pure

Cr in oxygen (Goutier, 2010).
2.2.1.2 Kinetic approach of scale formation (Sarrazin, 2000)
The kinetics of oxidation is basically followed by the change of

mass in function of the oxidation time. Various types of oxidation kinetics can be

experimentally observed: linear, parabolic, cubic, exponential or catastrophic type.
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For the linear rate law, surface or phase boundary reaction may be the rate
determining step. For the parabolic law, the thermal diffusion through the growing
oxide scale is the rate determining step (Birks, 1983; Kofstad, 1988).
The oxidation mechanism in the case of a compact scale
consists of an assumption of at least four basic processes as follows
a) Oxygen adsorption on the oxide.
b) Exchange of matier.between the adsorbed phase and the
oxide(external elementary.step).
c) Diffusion of matter through the oxide scale.
d) [Exchange of matter between the oxide and metal (internal
elementary step).
The'basic processes as mentioned above will be concisely
describe as follows. |
a) Adsorption procéls_s
The most common—l-__ﬂ:lggries and models of the adsorption
process relate to monomolecular adsorption?_ial-_l_ed Langmuir isotherm model (Lupis,
1993; Sarrazin, 2000). This rhodel can be Eepfesented the variation of adsorbed
volume as a function of gas pressure as shown by the folIoWing equation:
S .

. 2.52
“ s, 1+K,P (2:52)

where 0, is the'ratio of the number ofioccupied surface sites per surface area (s) and

the number of initially available surface sites (Ss), K is the constant and P is gas
pressure.

When G'is the particle in the gas phase and k! and k! are constant, the sorption
equilibrium may be represented by:

G4+s—2G-s (2.53)

K
Basing on Eyring’s theory, the rate of the sorption process is given by

dng

o=k (1-0)P K]0 (2.54)
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b) Interfacial processes

These processes will describe in the external and internal
elementary steps as the insertion of oxygen at the external interface and that of metal
at the internal interface during the construction of the oxide lattice. The oxide will be
considered as an ideal solution of point defects in a perfect crystal. The reactions of

interfacial elementary steps depend on the predominance of native point defects. For

m
the case of Cr,03, the predominant defect will~be either the Cr vacancies V¢, or

oxygen interstitials O/~for'a_p-type semi-conductor-and either Cr interstitials Cr.*",

or oxygen vacancies V5", for amn-type semi-conductor. The formulation of elementary

interfacial steps is presented ia Table 2.1. ©

Table 2.1: Formulation/of glementary int'é'a_rfacial steps according to the nature of the

predominant defects present in the Cr,0s Iat"t"i(fé.

C1;0; p-tyée ggmi-conductor

Defect | External elementary step — 3 Internal elementary step
V' | 30- s<__30 V1 6ht 435 v/ +6h* +2<Cr>—>2c:r
Oi// ke " . " o K
30 —s==30;+6h" +3s 2<Cr>+30i +6h* =—=30, + 2Cr,

CryO3n-type semi-conductor

Defect | External elementary step Internalfelementary step

Cre N30 % s 1 2Cr™ L betent 304 ¥ 2Cr, 438 | 2{cr)=tt2cr +6e’

V.. , ,
° | 30543V + 66 =30, +3s 2(Cr) == 2Cr,, + 3" +6¢/

The reactions as mentioned above will be applied with Eyring’s

theory, assuming the activities of atoms on their normal lattice equal to unity, the
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activity of defects equal to their molar fraction, and electroneutrality condition, the

kinetic calculation of reaction in table 2.1 will be obtained as shown in Table 2.2.

Table 2.2: Kinetic calculation of elementary interfacial steps according to the nature
of the predominant defects presents in the Cr,0s lattice.

Cr,03 p-type semi-conductor
Defect | External elementary step lnternal elementary step
n
Ve, dn, _ ke/gs _ 38 ke”[V ///] (1 9) ﬂ - ki/ VC/:/]B _ ki”
dt dt
or | e g _afali ot | L ko K
i t e £ i dt i
Cr,0; n-type semi-conductor
Defect | External elementary step Internal elementary step
Creee | dne o k/6® [Cri"‘]g LK<y 211 =k/-3k/[cr ]8
dt - dt
Vo' dn d
e WPV —KIA—0) | = k= 2k Vg
dt [ ] ( ) dt '1 0 ]

¢) Diffusienal processes

Due to the difference between ionic and eléetronic point defect
mobilities, a volumetric distribution of.charge can appear. within the'growing scale.
The distribution of this charge can accelerate the positively charged ionic defects and
impede the negatively charged electronic defects for the diffusion of defects from the
internal interface toward the external one but the manner is contrary for the opposite
direction. Hence, the electrical potential gradient through the scale will be taken into
account in the general diffusion-migration equation as follows.

For ionic defects with degree of ionisation z in x direction
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J,=-D; oC, j:icé% (2.55)
OoX RT OX
For electronic defects ¢in x direction
J.=-D. %iicsa_cb (2.56)
1 ox  RT oX

where C, and C_are, respectively, the volume concentration of ionic and electronic
defects. D, and D_ are, consequently, the difitision coefficient of ionic and electronic

defects. F is the Faraday constant and ¢is the electric potential.

2.2.2 High temperature corrosion'in carbon-containing gases

In the case of atmosphere contaihing both carbon and oxygen, for example
biogas, the reaction produgts imay “either be oxide or carbide. In this study, high
temperature corrosion can be assoctated Wlth the mixture of two or three possible
processes: oxidation, decarburization and cz;}l;u[_ization. However, for ferritic stainless
steel, the decarburization is impossible due,th'erlower content of carbon. The literature

reviews can be divided into following categories:

2.2.2.1 Physico-chemical characterization in CO, or CO

atmospheres

a) Oxidation kinetics

The literatures show a few papers only devoted to oxidation
kinetics of steels exposed to CO, but the behaviour of ferritic stainless steels
subjected to pure CO, atmosphere is not extensively well-known.

Lee et al. (Lee, 2005) studied the high temperature oxidation of
three kinds of hot rolled steel viz. high strength steel (Fe-0.004C-0.6Mn-0.06Ti), bake
hardened steel (Fe-0.003C-0.5Mn) and low carbon steel (Fe-0.04C-0.3Mn) under
CO,-0O, atmosphere at 1100 — 1250°C. They then found that the oxidation process
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followed an initial linear rate law which was gradually transformed to a nearly
parabolic rate law with the thick porous and non adherent iron oxide scale.

Linear rate law was classically observed in the condition where
a surface or phase boundary process or reaction may be the rate determining, for
example, oxidation of C40E steel (Fe-0.4C) under CO, at 1183-1283 K by Vallette et
al. (Valette, 2005). Their results showed that kinetics followed a linear rate law where
the reaction was governed by external (Fe,«O/CO;) or internal (substrate/Fe;«O)
interface reaction. The reaction rate was limitea"by the dissociation of carbon dioxide
in to carbon monoxide with oxygen ion adsorption according to reaction (2.57):

©0;(g) =CO(g)+0% (2.57)
Followed by incorporation of chemisorbed oxygen into wustite as
Qf ) =05+ Vi (2.58)

Thé oxXidation of Fe-15Cr alloy in CO,-CO mixtures at 700-
900°C was investigated by Fujii-etal. (Fujii, 1967). They proposed that the diffusion
of iron through the oxide is sufficiently rapird--to preclude the observation of parabolic
oxidiation rate and an adequate ¥fux-of iron to iﬁe gas—oxide interface is maintained in
spite of the extensive voids separating the outer from.the inner layer.

The-oxidation-of-staintess-steel-304L: (18Cr-8Ni-1.3Mn-0.02C)
in carbon dioxide at 1$93-1293 K was studied by Goutier et al. (Goutier, 2010). They
showed that the kinetiCs are irregular with three stages: 1) a short initial period of
acceleration due to the formatiensof thinzehromia at-inner.grain boundary and the
formation of wustite' 2)"the slowing down”of parabolic ‘kinetics corresponding to a
mechanism governed by diffusion of iron vacancies through chromite and finally 3)
re-acceleration related 1o breakaway. of protective layer.

In the case of high C metals or steels, decarburization was
observed due to the oxidation of the dissolved carbon by CO,, leading to CO
evolution. This phenomenon resulted in weight loss in the first instants of reaction
(Billings, 1970; Reeves, 1970).

As well as the study of oxidation kinetics of iron carbon by
Billing et al. (Billings, 1970), when iron-carbon (Fe-1.07C) alloys were exposed in

CO,-CO at 950°C, not only the weight change curves were approximately linear
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during the initial and final stage of exposure, but the decarburization- oxidation
process also occurred. The slope of the curves initially exhibited negative value due to
weight losses from decarburization process, which was controlled by the rate of
carbon diffusion in both the metal and scale when the oxidizing potential was
insufficient for wustite formation. However, the ultimate curves exhibited positive
slope due to wustite formation based on surface controlled reaction steps.

In addition, Reeves et-al. (Reeves, 1970) investigated the
decarburization kinetics for Fe-0.81C in the presence of a wustite scale exposed to
CO, atmosphere at 950°C. Their results showed that the initial slope was positive
giving way to a region of genstant slope and finally a region of decreasing slope as the
reaction tended to become partially, governed by diffusion processes. When shutting
of CO, supply and allowing/a scale-specimen to react under vacuum, the loss of
carbon became contintiously slower with increasing exposure time. Moreover, the rate
of carbon loss decreased as the Oxide thickness increased. At sufficient thickness (~10
um), the decarburization was not observed. | .

In the other-hands, (;ér-bug_rization was noticed during exposure
of Fe-Cr alloys (15%max of Cr) 10.dry CO, at700-900°C by Fuijii et al. (Fujii, 1967).
These authors showed that the rate of carbon accumulation in the alloy was closely
identical to the oxidation rate since the generation of CO-was directly related to the
oxidation rate. The adsorbed CO on the surface leaded to CO disproportion or
reduction of CO which awese suggested asacarburizing processes. It was reasonable
that the possibifity of CO dispropartional reaction,was enhanced by a sufficient local
accumulation of'CO so that, kinetically, the reaction can occur.

Moosd et ‘ali (Moosa, 2007) showed! that the Kihetics of cyclic
oxidation in CO; at 800-1000°C for uncoated Inconel 600 and coated with Yttrium
doped Cr-modified aluminide (CrAlY) were parabolic with a duplex scale consisting
of Cr,0O3 and carbide M;C3. The breakdown of the protective scale in mixed oxidants
(O/C) was clearly seen at high temperatures (900-1000°C), where chromium oxide
was converted into unprotective carbides, with large voids or holes which were also

obtained.
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b) Scale characterization

It was not broadly reported the characteristics of the oxide scale
grown on ferritic stainless steels in CO, atmosphere in contrast to that found in air or
oxygen. However, The major oxide scale phase on conventional stainless steels in air
or oxygen is generally chromia Cr,Qgz; with the spinel phase MnCr,O4 as external
layer, depending on the alloying elementssdue to the increasing of diffusion
coefficient in order of Dy, > Dge > Dc, In-chromia scale (Antoni, 2004; Brylewski,
2001; Chandra-ambhorn, 2006;.Fergus, 2005; Kurokawa, 2004).

Thewexistence of the same oxide phase on stainless steels
subjected to CO, can be possible whenever the effective partial pressure of oxygen is
identical to the decomposition'of GrsQs or other at equilibrium.

In addition, a few authors (Chandra-ambhorn, 2006; Kurokawa,
2004;) have reported the morphology of‘—_oxide of stainless steels subjected to low
partial pressure of oxygen, for example Hz/HzO tends to form the whisker oxide on
the top of the chromia scale: -

Nevertheless, althoujdh_ b_ure carbon or graphite can not be
thermodynamically. formed in CO; atmospheFe but the/precipitation of carbide or
carbon can be appeared near the metal-scale interface. The elucidation of this
phenomenon has not been reported. However, some assumptions of mechanism can
be summarized as follows 1) the accumulation of C by the diffusion of CO; or local
CO through the'scale or microcracks towards the allay/scale interface and then carbon
dissolves in the alloy eventually forming discrete chromium carbides precipitates
(Fu;jii,”1967; Moosa) 2007): Or/and 2)-CO release at'the oxide:gas interface, resulting
from the oxidation reaction, may locally increase this activity making possible
chromium carbide formation. It is also envisaged that CO may also diffuse in
molecular form through specific channels in the oxide (Abellan, 2009; Abellan, 2010;
Rouillard, 2007; Rouillard, 2009)
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2.2.2.1 Physico-chemical characterization in carburization

atmospheres

Although research work on corrosion of ferritic stainless steels
in such biogas atmospheres has been quite rare, various atmospheres such as CO/CO;
mixtures can be both oxidising and carburising for chromia-forming stainless steels.
Such corrosion has been studied by several researchers.

Ferritic stainless steels=nominally containing 16-18%wt.Cr
were reacted at 750°C for up.io 1000h in Na/H,/CO/CO,/CH4 by Jian et al (Jian,
2003). These authors showed that carbide was present in the corrosion scale as Cr-rich
carbide which was indexed hy FEM as M»Cs (M: Cr,Fe,V or M: Cr,Fe). However,
the oxide layer formed ondtheSurfacé of the steel appeared to act as a barrier to carbon
diffusion to the steel. They: proposed that chromium was consumed in carbide
formation, reducing the:d@mount available 1“or corrosion or oxidation protection and the
formation of large carbides along the ferrite-'rgr}z;lin boundaries can embrittle the steel.

Zhang et ak (Zhaﬁ_-gi,j_,r__2008) investigated thermal cycling
oxidation of 304 stainless steels (19Cr9Ni)jifri__CiQ/COz at 700°C and in CO/H2/H,0 at
680°C. Their results inCO/CO, showed théf-the weight changes represented both
weight gain due to.carbon and oxygen uptake and weight loss due to spallation or
alloy surface disintegration. Surface analysis revealed the presence of chromia, Mn-
spinel and small amounts..of Cr;Cs and FesC. Internal carburization formed fine
intergranular carbide at subsurface- Injother atmospheres, carbon was also formed to
deposit on the ‘surface. After 50 cycles of reaction, chromia, and Mn-spinel were
detectedin ‘additici to: graphite; After 141 cycles, ‘oxide [precipitates had formed a
distinct layer at the subsurface. This layer appeared to be continuous, but subject to
local damage. Fine intergranular and intragranular carbides were also revealed in the
steel.

The corrosion of cast alloy (33Ni26CrNbSi) exposed to CO +
4.3%CO0, gas mixture at temperatures of 982 and 1080°C was studied by Xu et al.
(Xu, 2008). Their results showed that MnCr,O,4 spinel and Cr,O3; were the external

corrosion products on all samples. Scale thickness increased with time at 982°C
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according to approximately parabolic Kinetics, however, the scaling kinetics were
subparabolic at 1080°C. Growth of the chromium-rich external scale was
accompanied by depletion of Cr and disappearance of secondary carbides within
subsurface region. Internal oxides like an interdendritic structure mainly contained
Cr,03 and silicon rich oxide. In addition to internal oxidation, subsurface carbide
dissolution and internal carburization were evident. It is known that, ideally, oxide
scales are impermeable to carben and that Cr-containing alloys are protected against
carburization; in this work, the chromium-rch-eXide scales did not provide effective
barriers to carbon ingress from.CO/CO; gas.

Thesmajor. catastrophe In ecarburization process is usually
concerned with metal dustingwhich attacks iron, low and high alloyed steels and Co-
or Ni-base alloys in strongly carburizing gas atmospheres at a. > 1 in the temperature
range 400 to 1000°C (Schnider, 2000).

Yin o(Yin, +2004) investigated cyclic and isothermal
carburization of Incoloy 800HT in CH/Hj (02 impurity < 100 ppm) for 500h at 800-
1100°C. The kinetic behaviour, showed th‘ét"th_e weight gain values obtained at the
lower temperatures and volumetric ratios of ',CH’4_/H2 were lower than those obtained at
higher value of these parameters. Kineti-crrcurves at 1000°C and 1100°C in
10%CH4/H, with ag’ > 1, did not experience abrupt’ weight increase usually
encountered in metal dusting failures. It was found that the low weight gains of
Incoloy 800HT at 800°Crand 900°C was the result of good protection by an external
continuous layér consisting of Cr carbides and 'oxides. Poar protection, however, by
semi-continuous-or discontinuous outer layer was observed at higher temperatures.
Higher ratio 0f CHy in Hy also-enhanced carbonjand/on oxygen pickup.

Similarly, carburization of 310 austenitic stainless steel
(Fe25CrMn) exposed to 2%CHa/H; at 800-1100°C was studied by Yin (Yin, 2005). It
was found that Cr is reactive with carbon but not with oxygen while Ni was reactive
with neither carbon nor oxygen in these conditions. The kinetic behaviour showed
that increasing temperature led to greater weight gains except at 1100°C due to
spallation. In addition, good protection offered by the external continuous layer of
(Cr,Mn)-oxides and (Cr-Fe)-carbide was observed at 800 and 900°C. Contrarily, poor
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protection by semi-continuous or discontinuous of (Cr/Fe)-carbides was observed at
higher temperatures.

The study of cyclic carburization of Haynes 556 in CH4/H, (O,
impurity < 100 ppm) at 800-1100°C up to 500h was reported by Allam et al (Allam,
2007). The kinetic behaviour of Haynes 556 indicated that the weight gain depended
on temperature and was the combine sum of carbon and oxygen uptake. Scale
morphology showed that some oxide such as Cr,03, Al,03 and SiO, formed thin well-
adhering surface layer and coniributed to the fermation of a diffusion barrier for the
inward carbon transport at 800 and 900°C. In-the other hand, no continuous diffusion
barrier layer could form at"1000 and 1100°C due to the instability of Cr,0O3, with
presence of carbon though the more. stable Al;O; and SiO, remain stable at this
temperature. !
A cast HP ModNb%iIloy (Fe-25Cr-35Ni-1Nb) was oxidised and
carburised in CO-CO, at 1080°C by Oquailb_ et al (Oguab, 2010). It was found that the
external scale consisted of an outer Iayer_éf J'MnCr204 and a thicker, inner layer of
Cr,0s. Internal oxidation was observed w1tfun the affected subsurface region, and
internal carburization with 7fine precipita__fé? :_of Cr,C; deeper within the alloy.
However, the internal carburization zone ber-le_éthr an internal oxidation zone resulted
from the rapid diffusion of carbon, combined with the féct that carbides were less

stable than oxides.
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Experimental methods

3.1 Materials

3.1.1 Stainless steels

Sheets of AISIF441: stainless étee_ls were supplied by ArcelorMittal with
thickness of 1 mm, whegeas sheets of erfér 22 APU used as reference material were
supplied by ThyssenKrupp/ VDM, With thickness of 0.5 mm. Their chemical
composition is shown"in Tahle 3.1. Accb__r_.ding to Table 3.1, the content of Cr in
AlSI441 is about 18%, whergas the content.of Cr in Crofer22 is 20 — 24 %wt. There
are also different minor elemeits containing in both grades. The minor element of
Crofer22 is La while the minar:elements of——;Nb and Mo are added in grade of AISI
441 in contents of Q.49 and 0.01 %wt, respectively. In this.report, these steels will be

called 441 and Crofer consequently.

Table 3.1: Chemical composition of .the -stainless steels studied as interconnect
materials (Yowt)

Grade Cr Ni C Mn Si Al Ti Nb | Mo [others
AISI1441 17.76}+0413 0.01 0.28'| 0.61 | 0,006 | 0.16 /]|0.49(0.01] -

(Chemical

analysis)
Crofer22APU|20-24] *na. [0.03max|0.3-0.8]{0.5max|0.5max|0.03-0.2| - - La

(From

supplier)

*na. not analysed
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3.1.2 Experimental gas supply

The stainless steels were exposed to various atmospheres as follows: pure
carbon dioxide (COy), pure methane (CH,4) and mixtures of CO; and CH,. Inert gas,
argon, was also applied as flushing gas in the reactors before oxidation or used as a
diluting component. In this study 99.995% pure compounds were supplied by
Alphagaz Company, France. The impurity gas.containing at 25°C are shown in Table
3.2.

Table 3.2: Impurity gas contalaing in supply gas in ppmyv

H,O | O, | CO" LEO, /| CaHm | N2 ['Hz | CoHe
Ar <3 <2 - - <0:5" \ . -
CO; |7 10 |2 f D #1 %5\ N4 -
CH; |5 5 3 1 = 418 W 15

3.2 Thermodynamic Calculations

In this study, all experiments will be carried out with 1 atm of synthetic biogas
which was composed enly of pure methane (CH,) and ¢arbon dioxide (CO,). Various
volumetric ratios of CHjy i the synthetic "biogas were used: 0% (pure CO,), 30%,
50%, 70%, and 100% (pureCHy).

In order to determine all #possible species existing in sthe reactors, the
thermodynamic software, FactSage 5.5 with data from- the Fact53' databank was
applied to calculate activity of all species at equilibrium. The activity of species will
be presented in terms of partial pressure for gas and activity for solid or liquid in the
temperature range of 600 to 1000°C.

In addition, Thermo-Calc version R with TCFE5 database was also used to
calculate the activity of elements in 441 with different temperature in order to

construct the oxide stability diagram.
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3.3 Kinetic Experiments

Kinetics of corrosion can be classified to several types: linear, parabolic,
logarithmic or cubic (Sarrazin 2000 et al.). However, the kinetics of corrosion of
steels at high temperature is often concerned with parabolic and linear laws. Both can

be presented as following

a) Parabolic law

A

where A_Am is mass gaift (mg.cim 9

k, is parabolic:€onstant'in'mgcm!” s
This law corresponds 0 a corrosien rate limited by the control of diffusion
through the compact scale

b) Linear law

[AA:“] - (32)

where k; is linear constant in mg.cm 2.5

This rate is controlled by a rate-determining step governed by an interfacial
process such as‘adsorption or reaction at oxide-gas or metal-oxide interface.

In addition, in order to explain the temperature dependence under constant

pressufe, the rate censtant-can-obey Arrhenius law.

k=K, exp[— RE'T'] (3.3)

where E, is apparent activation energy of the process (kJ.mol™)
The apparent activation energy can be calculated by plotting log k as a
function of 1/T.
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In this study, the kinetics of corrosion of stainless steels were respectively
studied: 1) Oxidation kinetics of ferritic stainless steels in CO, atmosphere and 2)

Kinetics of corrosion of ferritic stainless steels exposed to synthetic biogas.
3.3.1 Oxidation kinetics of ferritic stainless steels in CO, atmosphere

3.3.1.1 Materials preparation

Samples were prepared with~dimensions 15 x 20 mm? Before
oxidation, each face of specimens was polished up.to 1200 SiC grit, trimmed all edges
and corners in order to_protect seale spallation, and finally rinsed in distilled water.
Some grease or fat wergawashed by acetone and they were further cleaned by alcohol
in ultrasonic machine, and subsequentty drﬂi in air.

In this'study, dynamic atrhosphere with the linear velocity of gas of 1

mm.s™* at room temperaturg was applied for CO; oxidation runs.

3.3.1.2 Thermogravimetric monilt;-oring

A contthuous measurement of mass change of samples thermobalance
was used for oxidation runs. The SETARAM thermobalance version B60 in this study
was supplied by PHELMA Laboratory, France. The sensibility of this machine is 0.05
mg. In the first ‘Oxidation | Kinetics, “‘carban" dioxide and argon were applied for
oxidation atmospheres in this method.

According«to the,schema of,thermobalance as, showsin Figure 3.1, a
sample was first'suspended with-silica stem'in a stlica tube contained in an electrical
furnace. It was then necessary to eliminate the gas existing in the tube by vacuum
pump. It was evacuated until the total pressure displayed on pressure gauge equal to
—1 bar. The actual pressure was in the order of 10~ mbar. After that, CO, valve was
opened and adjusted the flow rate. CO, was then flowed in the tube until the total
pressure was equal to 1 bar. Experimental temperature was controlled by a
thermocouple type K in the tube. The furnace was then heated to desired temperature

with heating rate: 15°C.min"". After reaction, the regulator was switched off and
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sample was furnace-cooled under reacting gas with cooling rate: 2°C.min™*. Mass

change was recorded when temperature reached to 150°C for various oxidation

periods up to 80h.
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Figure 3.1: Experimental schema of thermobalance Used for oxidation runs in CO;

atmosphere.

Several effeets of physical interaction between gas and specimen such
as buoyancy, convection currents and thermomolecular fluxes may be concerned.

Thermogravimetric measurement will be significantly disturbed by
buoyancy force, assuming-ideal gas, with equation following:

M P
B=qV —— 3.4
A (3.4)

Where B = Buoyancy force (N)
M = Mean molar mass of gas mixture (kg.mol™)
R = Universel gas constant = 8.314 J.mol™*.K™*
g = gravitational constant = 9.81 m.s™

V = volume of solid immersed (m?)
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P = pressure (N.m?)
T = Temperature (K)
In the case of CO, atmosphere, for M = 44 g mol™,V = 300 x 10° m®

for 441 and 150 x 10”° m® for Crofer samples respectively, The equation 3.4 become

B—156x10°~  for441 (3.5)
T

and B= 7.79><109_|_E ior.€rofer (3.6)

According to-equation (3.5) and (3:6), the pressure and temperature of
gas play an important role te*the buoyancy force. The variation of mass change will
be theoretically about 0.1.mg.at temperature between 800-1000°C and pressure at 1
atm. _

The apparent mass of sample on thermogravimetric monitor will be

equal to the difference of real mass of sample and its bueyancy.
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Figure 3.2: Pre-record of mass gain of 441 by thermobalance in the oxidation

experiment.
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The mass change in pre-record stage is revealed as shown in Figure
3.2. The initial stage showed apparently the mass gain increases rapidly in a few
minute due to the decrement of buoyancy force by decreasing air pressure during
vacuum pumping. The mass gain then decreased slightly in 15 minute because of the
increasing of CO, pressure in the tube until the pressure equal to 1 bar. While the
pressure was constant, the mass gain behaved constant at less than zero because the
molecular weight of CO, was greater than that-of air. The mass gain then increased a
little when the temperature in the tube increaseer

The mass gain 0i 441 in CO; was continuously registered at 150°C till
to 80 h. the buoyancy forceis presented as shown, for example, in figure 3.3 at 800°C
and when the temperatuie reach to,room temperature. The buoyancy force for steel
with surface area of 6.70.6m* ai 1000°C was closely equal to 0.18 mg cm™ or 1.2 x
10 N. By equation 3:5, the calculated buoyancy force is 1.7 x 10° N. The experiment
and theoretical buoyancy are different ‘about 30% due to the deviation of gas

behaviour from ideality.
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Figure 3.3: Decrease of buoyancy forces of 441 in thermobalance between 800°C and

room temperature.

As seen in the figure 3.2 and 3.3, when the temperature and pressure
were constant, the effect of convection led to a little variation around equilibrium
position of sample (0.05 mg.cm™2). The ;Knudsen forces by thermomolecular effect
will also lead to very small mass change in the experiment because of high gas
pressure in the thermobalance (> 100 mbar).“Fnerefore, these effects can be neglected
in this study.

For oxidatien kinetics of CO,, the necessary kinetics were studied as
follows

a) Isothermal kinetics-of exidation

The kinetic foxidations of 441 and Crofer were carried out in the
constant pressure equal 10 1 Par of pure CO,, in period up to 80h for the temperature
range between 800 and 1000°C/-The mass gai‘n-was then plotted with exposure time,
and rate constants were also platted versus temperature for determining the apparent

activation energy.

b) Isobaric kinetics

The influence of the partial pressure of CO; on the oxidation Kinetics
of 441 was studied at constant temperature (800°C). The partial pressure of CO, was
controled by mixing GOz and-Aryusing different flowratessof COzin the same total
flow rate, The total pressure in the thermobalance tube was still equal to 1 bar. The
partial pressure of CO; in this study was considered as 100, 200, 400, 600, 800 and
1000 mbar. The rate constants were then plotted with partial pressure of CO; in order
to understand the mechanism of oxidation kinetics depending on the different partial

pressures of CO,
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3.3.2 Kinetics of corrosion of ferritic stainless steels exposed to synthetic

biogas

3.3.2.1 Materials preparation

Samples were prepared with dimensions 10 x 20 mm? for
discontinuous measurement and 40 x 15 mm? for thermogravimetric monitoring.
Before oxidation, all faces of specimens were-polished up to 1200 SiC grit, trimmed
all edges and corners in.order to protect from. scale.spallation during oxidation, and
finally rinsed in distilled"water-Possible grease or fat was washed by acetone and the
samples were further cleaned hy alcohol in ultrasonic machine, and subsequently dry
in air.

In this studyy dynamie atrﬁospheres of synthetic biogas, composed of
CH,4 and CO,, were also . applied with-the I‘irné-ar velocities given of gas at 1 mm.s ™ for

discontinuous record and 0.5 mm.s™" for thermogravimetric runs at room temperature.

3.3.2.2 Isothermal corrosion’ifri__hi_)_rizontal furnace

The first physico-chemical characterizations of ferritic stainless steels
subjected to synthetic hiogas at temperature range of 700-900°C was carried out by
discontinuous measurements in horizontal furnace for oxidation periods of 2, 25, and
80 hours.

The schematic diagram of the horizontal furnace is presented in Figure
3.4. The, samples were: primarilyplaced fin: the 4sothermal zong of the reactor. The
distribution of temperature in the function of distance (zero-Set at the middle of
reactor) was measured and is revealed in Figure 3.5. It was noted that the isothermal
zone was in range of £ 5 cm from the middle of the tube making possible to use

several specimens (in this study, at most 4 specimens) in the same runs.
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Figure 3.4: Schema of horizonial furnace used for oxidation of steels in synthetic
biogas.
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Figure 3.5: Distribution of temperature in function of distance in the horizontal

furnace

Carbon dioxide was flowed as purging gas for 60 min. The chosen
mixture of methane and carbon dioxide with a total pressure equal to 1 bar was then
flowed into the reactor at room temperature for 60 min with a linear flow rate of 1

mm.s .
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The furnace was then switched on. The temperature increase in
function of time is shown in Figure 3.6. It was found that the temperature increased
dramatically from start in 30 minutes and the temperature then increased to the
desired temperature in 1 hour. After the desired time, the furnace was switched off
and the temperature reach to room temperature in 500 min.

Temperature (°C)

0 T T T 1
0 200 400" 600 800

Time (min)

Figure 3.6: Temperature evolutions in function of time in the horizontal furnace

In these conditions, the. precision on_the duration of the reaction,
supposed to occur lin the 82% ta 100% range of the operating temperature was ~ 20
min. Various volumetric ratios of €H, in the synthetic biogas were used: 0% (pure
CO,), 80%,50%,.70%, land .100% (pure’/CH,). Mass change.of the samples was
determined, without any cleaning procedure after the reaction, with an accuracy of

+ 10 ug.

3.3.2.3 Thermogravimetric experiments

A continuous record of mass change of samples using a thermobalance

was used for oxidation runs. The SETARAM microthermobalance version B24 in this
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study was also supplied by SIMaP Laboratory, France. The mass change was
measured with sensibility of 0.5 pg.

Pure carbon dioxide was used as protecting gas for themobalance
electronic device and also flushing atmosphere. The methane was then applied and
mixed with CO; below the balance head before the reaction. The synthetic biogas was
flowed with a linear velocity of 0.5 mmisi’ till 1 hour in order to assure that there was
only synthetic biogas in the tube. The various veolumetric ratios of CH, in synthetic
biogas used in service were.50%, 70%, and 100%.(pure methane) for the temperature
range of 600-800°C. 7

Before experiments, an inert sample (silica sheet) with dimension of 12
X 20 x 2 mm?® was used‘forthe Siudy .'of buoyancy force in this thermobalance in
synthetic biogas (70%CH,+30%C0,) ai 800°C. The mass change with time was

therefore depicted as shown i Figure 3.7.".;
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Figure 3.7: Apparent mass changes of silica sample in 70%CH, + 30%CO, at 800°C

due to buoyancy effect between room temperature and 800°C.
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From Figure 3.7, the result shows that the buoyancy force of silica in
this synthetic biogas at 800°C was 0.037 mg.cm™2 and variation during constant mass

gain was +3.34x10 *mg.cm™.

3.4 Corrosion Scale Characterizations

Basic techniques of physico-chemical characterization such as scanning
electron microscopy (SEM), Energy Dispersive X-ray spectrometry (EDX) and X-
Ray Diffraction (XRD).were used for analysing corrosion scales.

A further experimeni;” photoelectrochemistry, was operated in this study in
order to determine theselecironic behavio__ur of oxide scale. The marker experiment
was also employed in erder to identifyithe direction of scale growth. Finally, the
microhardness machine awvas' employed for' characterizing the carburization of the
materials. These technigues will . be explained briefly, following (Sarrazin 2000,
Verhoeven1975, Wouters 1996) il

3.4.1 Scanning electron microscoperahd energy dispersion spectrometry

Scanning electron microscope (SEM) operates in similar mechanism as optical
microscope. Instead of using light, a very small diameter electron beam is made to
scan a square region on the.sample surface and then trace out on the cathode-ray tube.

As electrons collide onto the sample surface, they Interact with the atoms of
the target, exciting electrons from their deep energy levels to a higher level.
Secondary electronsiare generatedin the collision cascadé and losa energy traveling to
the surfage. This energy Is influenced by surface topography and these electrons are
generally used to obtain image with magnification about 10000x.

In addition, when electrons enter to the sample, X-rays or photons X are also
emitted. The wavelength of this energy is directly linked to the nature of element
analyzed. Quantitative analysis of chemical composition is possibly performed by a
solid state detector. This analysis is well-known as Energy Dispersive X-ray
spectrometry (EDX).
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LEO 440 SEM equipped with EDX for this study was supplied by CMTC
Laboratory, Grenoble INP, France. Before observation, surface of samples oxidized
was prepared to become electronically conductive surface by carbon deposition.

For the cross - sectional observation, the favorable methods were used
as follows.

a) Fractography of corrosion scale

The sample was-immersed and broken in liquid nitrogen. In order to
easily break the sample,.ihe sample should be firstly grooved by a diamond saw.
However, this method isspragtically difficult to obtain good observation because all
observation plans is possibly notat the same level.

b) Mounied sample

The cross-segtiopal observat}bh_,gf samples was obtained by polishing
in the cross-section view. However, beforeﬁpoii_shing, samples should be enveloped
for protection of corrosion scale during polishih—g. Firstly,/due to the non metallic state
of scale, the sample was covered with Au by sputtering method with a few microns in
thickness. The electroless Ni coating was then deposited using ATF SYSTENI 300
solution. The 8%ATF SYSTENI 300A (aqueous solution containing Ni**) was mixed
with 15%ATF SYSTENI 300B (agqueous solution containing sodium hypophosphite)
in distilled water. The optimized temperature was about 89°C with magnetic or
mechanical agitation.. Samples were ‘then immerged 'in‘the solution |prepared for 1
hour forithickness more than 100 um thick. Finally, samples coated with Ni were

cold-mounted in resin.

3.4.2 X-Ray Diffraction

When an X-ray beam is impinged on a metal surface, a number of different

and interesting interactions occur. One of these interactions causes the electrons of the
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crystal atoms to emit electromagnetic radiation of the same wavelength, A, as the
impinged beam, and this produces a diffraction effect. The effect of diffraction is
identical to reflection but, for a certain number of angles (0) only, defined by Bragg’s
equation:

nA=2d,,sinf n=1223.. (3.7)
with dn = planar distance between plan hkl

The identification of the peaks"was made by comparison with the data
from the ICDD (International Center for, Diffraction Data) databank. Such an analysis
is mainly qualitative and.eetects-products in perceniage amounts; generally, neither
trace products nor amerphous phases in any amount, for example, glass, would be
detected.

In this study, the conventiohél X-ray Diffraction Spectroscopy (X-RD)
was applied to investigate the types of campounds. Cu-Ko was used as the radiation
source. The grazing angle X-Ray. Diffraction (GAXRD) was also available in the
range of 20-80° with speed of 0.1° min “..This machine was supplied by Phelma

engineering school, Grenoble INP, France,

3.4.3 Photoeleetrochemistry

Photoelectrochemistry (PEC) experiments were also performed to assess the
electronic properties of the semi-conductor materials. ‘When a semi-conductor is
illuminated by light energy hv at higher than its gap energy, the electrons can be
exited ‘from the vaience bandto conduction band and they will-ithen create electron-
hole paifs within or on the surface of materials. When the Fermi level of the semi-
conductor is much more than that of the electrolyte, the major carriers are evacuated
within the materials by applying potential, whereas the major carriers move toward
the surface where they can be transferred to a reduction-oxidation reaction in the
electrolyte. The photocurrent, Ipn, will be positive for semiconductor type n and
negative for type p. The following equation was proposed by Gartner and Butler for

an ideal interface semi-conductor/electrolyte (Gartner, 1959, Butler, 1977)



55

(3.8)

where e is electron charge

®, is the flux of incident photon
«, is adsorption coefficient of light for wavelength 4

L is the diffusion distance of minor€legtronic carriers
W is the depth of charge region which

2465
AV Ve

where ¢ is the dielectriC constant of the semi-conductor

W =

(3.9)

g, is the dielectsic constant of vacuum
N is the concentration of major car{_ier

If the penetration depth of light, a;i'-"is’-'very large, equation (3.9) become

| - P W (3.10)

PEC is a non-destructive ex-situ_tjéjc_:_r_irnirque for measuring and predicting
electrical currents generated by illuminating a semi-conductor in an electrolytic
solution of 0.1M NaZSO4 with pH = 10. To identify the oxide phase, the applied
potential was fixed at 500 mV. Photocurrent was then recorded and transformed in
function of light energy# Te.determine thetssemi-conductor type of oxide scale, light
energy was used at.several.energy gap of .oxide. Photocurrent was also recorded in
function of applied potential (-1500 to 500 mV). The photoelectrochemical set-up was

entirely,butlt at SIMaR faboratory, France.

3.4.4 Marker experiments

This experiment is based on the observation, after oxidation, of the location of
inert markers deposited on the metal surface before oxidation. If the markers are
located at the metal-scale interface, then the matter transport in the scale is the

external growth by cationic transport. Contrarily, if the markers are located at the
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scale-gas interface, the matter transport is the internal growth by anionic transport. It
is possible that the markers may be located at a well-defined intermediate interface,
showing that two subscales grow by opposite cationic and anionic transports.

In this study, powder of inert elements such as Pt was deposited on the 441
oxidized in CO; atmosphere at 800°C for 544 hours. The observation in the cross-
section was carried out by SEM.

3.4.5 Microhardness

The Knoop mierohardness test was used in the study of carburization
characterization. Knoop_dndenter is a bétfér choice for hard brittle materials where
indentation cracking would he more extexflsive using the Vicker indenter at the same
load. A pyramidal diamondpoint, with an-included longitudinal and transverse angle
of 172° 30’ and 130° respectively; was prg_s_séd into the polished surface of the test
material with a 10 g, for 10 s,/and the resulting indentation was measured using a
microscope. The hardness can be calculated ;/;_/it_h_ equation following
~ 14229P
==
where P is the applied load (gf)

HK

(3.11)

L is the length ofdndentation along its/dong axis (um)
The Buehler. Micromet Il microhardness machine was supplied by
SIMaP, France.



Chapter IV

Oxidation kinetics of ferritic stainless steels in

CO, atmosphere at high temperatures

4.1 Introduction

When ferritic stainiess sieels used as interconnectors in SOFC are exposed to
biogas which containssmainly methane and carbon dioxide (Rasi, 2007), the possibly
important oxidizing gas#s carbon dioxidé,.due to the existence of oxygen atoms in its
molecule. .

In this mixture, cagbon dioxide wii’l-lead to steel oxidation whereas methane
may induce carburization resulting i embrititlement and loss of oxidation resistance.
The stability and formation kinetics of a thiriéh’d electrically conductive oxide scale is
therefore an important challenge to suppres’s-cérburization (Yin, 2004; 2005), a non
tolerable phenomenen:for the required lifetime of the Stacks:

The objective -of this chapter is to study the -oxidation Kkinetics of ferritic
stainless steel grade 441 with Crofer22APU used as reference under pure CO; in
order to understand ,the, oxidation, mechanism. ,It, will be, described in the term of
thermodynamics, oxidation Kinetics-and oxide scale-characterization consequently.

4.2 Thermodynamic Calculation

4.2.1 Partial pressure of oxygen

Their relative partial pressures are related by the reaction corresponding to
dissociation of CO; into O, and CO at different temperatures. The activity of oxygen
can be determined by the following reaction:
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CO, =CO +%o2 (4.1)

Assuming ideal gas, at equilibrium it is given by

P 2
3, =P, = K[ <. ] (4.2)
PCO
where K is the equilibrium constant for equation (4.2) at temperature T.
The calculations of pressures of Ogzrand CO; in function of reciprocal
temperature are shown in-Figure 4.1

1000°C 9002C 800°C 700°C

Log P (Pin bar)

'8 T T T T T T
0.80 0.85 0.90 0.95 1.00 1.05

1000/T (K™

Figure 4.1: The logarithm of partial pressures of O, and CO; in function of reciprocal

temperature.

The calculation showed that the pressure of CO is greater than that of O, by
factor of 2 at all temperatures and both pressures in logarithmic function increased
linearly with increasing temperature. In the range of 600°C to 1000°C, the pressures
were in the order of 10 to 10 bar for O, and 1078 to 10™*° bar for CO. The

pressure of CO, was always fixed to 1 bar in this calculation. In this temperature
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range, the carbon activity varied from 10™*° to 10, showing that no solid carbon

nor stable carbide can be thermodynamically formed.
4.2.2 Oxide stability diagram

The diagram as shown in Figure 4.2 presents that the metallic elements of 441
can be thermodynamically oxidized, when .they are subjected to the pure CO;
atmosphere in which the dissoeiated pressure-0f oxygen is greater than that of the

metal-oxide equilibrium.

900°C { 800°C 700°C
.15 | [ |
16— i 4 q\ozfrom Co,
17 7 F 4 decompositon

Log P, (Pg in bar)

-35 T T T T
0.85 0:90 0.95 1.00

1000/T (K™

Figure 4.2 Oxide stability diagram plotted as'Log P, in function-of reciprocal

temperature

To calculate this diagram, the activities of elements Fe, Cr, Mn, Si, Ti,
Nb were determined using Thermocalc version R (detailed in Appendix A). The
stability diagram shows that all partial pressures of oxygen at the metal-oxide
equilibrium in 441 increases with increasing temperature in range of 700 to 900°C. As

mentioned above for dissociate partial pressure of O, from in CO,, these values were
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high adequate to make all the elements present in the steel oxidised to binary oxides
as FeO, Cr,03, SiO,, TiO,, Nb,Os. Concerning manganese oxidation, the spinel phase

MnCr,0, is the stable phase in contact with the metal. (activity of manganese in 441

equal to 10%° at 800°C, as described in Appendix A).

4.3 Oxidation Kinetics

4.3.1 Isothermal oxidation kinetics
a)«@Xidation Kinetics of 441

Figlre/ 3 presents the oxidation kinetics of stainless steel 441

under pure CO; at different temperatures.
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Figure 4.3: Oxidation kinetics of stainless steel 441 under 1 bar pure CO, at several

temperatures.
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According to Figure 4.3, all oxidation kinetics increased when
the temperature increased. It was also observed that the mass gain at all temperatures
increased very rapidly at the initial stage (20 min) to about 0.03-0.05 mg.cm™ due to
rapid nucleation of oxide. After this short period, oxidation kinetics was linear during
80h from 700 to 900° C. On the contrary, from 925°C to 1000°C, kinetics was linear
in the first step of oxidation, changing to roughly parabolic for longer times. The
linear-to-parabolic transition oceured at @ mass‘gain increasing with temperature: 0.25
mg.cm 2 at 925°C, 0.30 mg.cm™ at 950°C and0:45.mg.cm 2 at 1000°C.

b).@x1dation kinetics.of Crofer
The' sameé /experiments were performed with Crofer. The

oxidation kinetics of Crofer under pure CQ, at different temperature is revealed in
Figure 4.4.
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Figure 4.4: Oxidation kinetics of stainless steel Crofer under 1 bar pure CO; at several

temperatures.
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The kinetics of Crofer was shown to be very similar to 441.
The kinetics of Crofer was linear at temperatures lower than 925°C. It was, however,
found that no mass gain due to rapid nucleation was observed at the initial stage. In
the other hand, the kinetics was parabolic at higher temperatures. Comparing the mass
change obtained in the same conditions for 441 and Crofer, it was almost identical.

c) Arrhenius plot of temperature dependence

From the data 'in Figure 4.3 and 4.4, the temperature
dependence of oxidation rate ai’l bar CO, constant pressure was plotted in Arrhenius
coordinates as shown in Figure 4.5 for all linear rate constants and in Figure 4.6 for all

parabolic rate constants.

10?0"0 9?0°C 8?0°C 7(‘)0"0
A e
-8 - O 441
g0 & Crofer
n
2
g
> O
=
-
N
-
o ~10; -
o

0.80 0.85 0.90 0.95 1.00
10T (K™

Figure 4.5: Arrhenius plot for the linear rate constants of 441 and Crofer oxidation
under 1 bar pure CO..

From Figure 4.5, it was observed that the linear constants for
441 and Crofer were almost equal. Arrhenius law seemed to be followed with the
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apparent activation energy 200.6 kJ.mol™ or 2.07 eV for 441 and 198.5 kJ.mol™ or
2.05 eV for Crofer. Comparing to the linear constant of iron oxidised in pure CO; by
Valette et al. (Valette 2005), the activation energy of iron in CO, (245.15 kJ.mol™)
was higher than that of 441 and Crofer. The linear constants of 441 and Crofer were
also inferior to those of iron in the same conditions as depicted in Table 4.1. However,
the linear constant of iron in CO, had ia tendency to be lower than that of steels at

lower temperatures.

Table 4.1: Linear constants.of-the oxidation (ki) of some metals at 800°C

Grade k(9. cm@. s7) References
441 3:50 x 10 The present work
Crofer 220X 107 The present work
CA40E steel 1.25x107 Extrapolated (Valette, 2005)
1090°C 1. 95‘0°C 9%5°C
-11.2 A
FI‘U)
v -11.4 -
e
©
O .11.6 -
£
<
o -11.8 -
'Y
(@)
2
-12.0 A

0.78 0.79 0.80 0.81 0.82 0.83 0.84
1000/T (K™
Figure 4.6: Arrhenius plot for the parabolic rate constants of 441 and Crofer oxidation

under 1 bar pure CO..
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From figure 4.6, it was observed that kys for 441 and Crofer
oxidation were also near identical. By comparison with literature data, it appeared that
they lied in the same range as kys for oxidation of 441 in Ar-O, or N,-O; (Chandra-
ambhorn, 2006; Toscan, 2004). They obey the Arrhenius law with an apparent
activation energy of 328.70 and 337.00 kJ.mol™ or 3.40 and 3.49 eV for 441 and
Crofer respectively, significantly higher, than the values obtained in synthetic air
(Chandra-ambhorn, 2006) and 20%Q,/Ar (Foscan, 2004) (242 kJ and 264 kJ mol™
respectively).

Nevertheless, corﬁparing parabolic constants of steels oxidized
in pure CO, by several literature daia as shown in Table 4.2, the parabolic constants

remained the same range.except 304L in'COs,.

Table 4.2: Parabolic eonstants of the oxi&étion (kp) of some steels at 1000°C

Grade Atmosphere 14K, (0. em™ s™) References
441 co, - _J'6.54 x 107 The present work
441 Synthétic air  308% 107 (Chandra-ambhorn
r Tl 2006)
Fe-18Cr-Ti-Nb 4 Ar + 20%0, 0.38 x 10:% . Interpolated
(Toscan 2004)
304L CO, 2.01 x 10°%° (Goutier 2010)
Inconel 600 CO; 891x 10 (Moosa 2007)
Crofer CO; 6.90x 1071 The present work

4.3.2 Isobaric oxidation kinetics of 441

The influence of partial pressure of CO, was performed in this study. Figure
4.7 exposes the effect of partial pressure of CO, on the linear kinetics of 441 at
800°C. The experimental results showed that the kinetics increase rapidly for low

partial pressures to 400 mbar and much slightly increased for higher partial pressures.
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Once again, the mass gain increased quickly at the initial state with the mass gain of
approximate 0.01 mg cm at all partial pressures.

The pressure dependence of 441 on the linear kinetics constants was plotted as
shown in Figure 4.8. The result showed that this constant increases with increasing P

(COy), tending to a constant value for the highest pressures.
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Figure 4.8: Pressure dependence of 441 on 'trhe_.rlinear kinetics constants at 800°C.
The constants in figure 4.8 were correctly fitted with the curve, resulting in the
classical hyperbolic function felfewing s
AP

- (4.3)
1+ BP,

Ki

with A and B constant'values given in Table 4.3.

Table4.3: Constants of-the hyperbolic equation (4.3) by regression method

Parameter Value StdErr CV(%) Dependencies
A 392 x10% p2.75x 107 19.77 0.98
(mg.cm™.s"".mbar™)
B (mbar™) 8.99x107° | 2.14x107 23.79 0.98

According to the result above, it is found that the linear constants depend on
the adsorption of CO, molecule. This experiment will lead to the discussion of the
possible model of oxidation kinetics later.
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4.4 Scale Characterization

4.4.1 AISI 441

4.4.1.1 X-ray diffraction analysis

XRD was used for analysing the phases existing in the scale of
441 grade oxidized in pure CO; at 800°C for period up to 200h. The result of XRD is
depicted in Figure 4.9.
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Figure 4.9° XRD paittern of 441 oxidised in,pure CO, at/800°C fonperiod up to 200h.

X-ray diffraction analysis of scales grown at 800°C for various
times showed the presence of rhombohedral of (Fe,Cr),03 or chromia Cr,03 (ICDD
card 38-1479) and chromium-manganese spinel (Cr,Mn)3O4 (ICDD card 54-0876).
Solid solution of (Fe, Cr),03 appeared as the major phase, but the amount of phases

increased with increased oxidation time due to the increasing intensity.
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4.4.1.2 Photoelectrochemistry experiments

The results of PEC experiments are presented in Figure 4.10
and 4.11 for a sample oxidised at 800°C for 100 h. As observed for oxidation of 441
in O, at 650°C by Srisrual et al. (Srisrual 2009), they showed the presence n-type
semi-conducting iron and iron /chromium oxides via the detection of 2 energy gaps
(2.0 and 2.6 eV).

Transform in Figure 4.20 shows the energy gap of the first
contribution to be close 10 2.3.eV, coFresponding to the rhombohedral (Fe, Cr),03
solid solution (Srisrual 2009) and the second contribution to be 3 eV, corresponding
to chromia (Srisrual 20094 qung 1985).

The'several/photoeurrent curves in function of potential with
fix energy for oxide sCale obtained by C62 oxidation at'800°C for 100h are revealed
in Figure 4.11. Photocurrent versus pOtthIa| spectra was recorded at light energy
corresponding to energy.gaps from flgure 4 10 in order to determine the type of
electronic conduction of the'oxide scale. The-cufves in Figure 4.11 show continuously
increasing photocurrent with mcreasmg potentlal leading to a clear characteristic of
n-type semlconductlng oxides. This is in agreement with n-type behaviour when
chromia equilibrated with a low oxygen partial pressure (Srlsrual 2009; Young 1985).
This may be also the result of doping with Fe3*,
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Figure 4.11: Photocurrent vs. potential curves for the sample of Fig. 4.11 analyzed at

several light energy.
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4.4.1.3 Scale morphology

The 441 before oxidation was ground, polished and chemically
etched in order to examine grain boundaries by using conventional optical microscope
as shown in Figure 4.12. The average grain size is about 80 um and there are some
precipitation appearing near grain hoL
1) was determined by EDX.
Laves phase (Fe;Nb or FeTi).

daries. The precipitated phase (designated as

.1 I‘! d s phase in Ti- and Nb-rich may be

PIAATUAMINYAE
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Figure 4.12: a) Meta
the precipitated phase i

um in size. The oxide surface (¢ 1) is enriched in chromium (Cr). Cr,03

formed as the major.scale on thi also a.small Si peak due to SiO,.
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Figure 4.13: a ) Surface qa%ghology of 441itl)}(idised during 25h at 800° in pure COy;
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the surface with additional small spherical nodules of oxide in Ti-rich (designated as
1). It may be noted that the size of nodular TiO, was various. Moreover, small
facetted crystals (designated as 2) were observed which may be the spinel phase

(Mn,Cr)304.
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pure COZ at 800°C up to 200h. It was observed that the oxide nodules size was in

order of 10 um and the nodules grew while the duration increased. It can be noted that
the massive nodules in Ti-rich were spread on the top layer of pyramidal crystal of

spinel Mn, Cr.
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4.4.2.1 X-ray diffraction analysis

The XRD results obtained after Crofer oxidation were shown
the similar features. Figure 4.16 reveals the comparison of XRD patterns of 441 and
Crofer22APU oxidised in pure CO,at 800°C for oxidation period of 200h.
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Figure 4.16: Comparison of XRD patterns,"pf 441 and Crofer22APU oxidized in pure
CO, at 800°C for 200h. A
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The peaks of rhom“__b_ojr;edral (Fe,Cr),03 or chromia Cr,03
(ICDD card 38-1479)as well as;-chromium-m'ahdgénese spirel (Cr,Mn)3;O,4 (ICDD card
54-0876) were obsérvéd. This observation is identical fo/ the case of conventional

stainless steels, AISI1441, in the same condition.
4.4.2.2 Scale-morphology

Figure«4.17, reveals (they oxide rmorphelogy ©ff Crofer22APU
oxidized-in pure CO; at 800°C for oxidation period of 200h. The observation of oxide
morphology was identical to that of 441. The eliptical Ti oxide nodule (designated as
1) was observed on the Cr oxide and spinel Mn-Cr layer (designated as 2). It seemed
that the oxide surface was smoother than that of 441.
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Figure 4.17: a) Surface morphology of Crofer22APU oxidised-during 200h at 800° C
in pure CO, b) EDX analysis of point 1 and c) EDX analysis of point 2

Basing on“the 'SEM-EDX and” XRD 'results, ‘the’ schematic sketch of the
evolution of the growth of oxide scale on 441 and Crofer22APU is schematised in
Figure 4.18. It may be discussed that at the early stages of oxidation (25 h in this
study), the major oxide is the rhombohedral oxide (Fe,Cr),03, in addition the
existence of SiO, near the metal-oxide interface, with a top dispersion of (Mn, Cr)304
crystallites. When the oxidation progressed, the dispersed Mn,Cr spinel became dense

and covered the Cr,03 major oxide. TiO, was also dispersed on the spinel phase.
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Figure 4.18: Schematic sketch of the evalution of the growth of oxide scale on 441
and Crofer22APU oxidised in pure CO;

Knoop microhardness experimeﬁts were performed in the subsurface zone (10
um from alloy-scale interface)-0n cross sections of samples oxidized in pure CO; at
800°C during 100 h tgs@assess the pré'sence of carbon. The results showed high
hardness values (29 HK)#n this zone; céri‘ipared to the bulk value (~ 4 HK). Such a
high value may reveal the/Carburization c;j‘the subsurface zone. Chemical etching for
revealing carbides was therefore _ap_plied an_q §_howed that carburization of the steel is
effective in these corrosion iconditions (liFjg_u.re 4.19). Titanium carbide seems the

major product of this carburization,as revea]ed;py EDX.

| el
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4.5 Mechanism of OXidation Modeling ~ w.t

v 75..!

The formationdf the chromia-rich scale topped'_x'lvith manganese spinel is the

commonly observed situation when oxidising 441 in o%gen or air. In these

amosphere, (Xicaubi inalich né afaboic. #es{tnglfoh

diffusion througﬂ the growing scale: This is what was observed in the present work

oo O 2 A iy s

However, a particular behaviour was evidenced at the lowest temperatures,

mitation by chromium

where oxidation kinetics were shown to be linear. This may be due to chemical
limitation at the scale-gas interface. Several models may be proposed to describe
oxygen incorporation in chromia at this interface. They depend on the nature of the
major point defect of this oxide.

According to PEC experiment, assuming only the appearance of Cr oxide, n-

type chromia with Cr;"**® interstitial chromium ions was proposed as the major defect,
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a possible scenario can be written as follows (Kroger and Vink notation for point
defects):

Chemisorption of carbon dioxide onto chromia (s is an adsorption site)
CO,(g)+s—0=C=0-s (4.4)

Adsorbed carbon dioxide decomposition with evolution of gaseous carbon monoxide

OQ=C=0+£+0-5+C0O(9) (4.5)
Oxygen transfer to the oxide

305+ 2Cr*"+6e “2Cr; +30; +3s (4.6)
Reaction at the metal-Chromia interface

Cr(m)— Crt" +3e. 4.7)

In such a model, all'4 steps considered to be rate-limiting alone lead to linear
kinetics, but the only one fitting with 'the experimentally observed homographic
influence of pressure described by equation"_;(éiis) Is the decomposition step (4.5). The
reaction rate rq limited by carbon dioxide d-élgzbrp_position can be written:

=K, - 48)

Extracting the ‘surface coverage by CO; from. the equilibrium constant

(Langmuir isotherm)

K.P
Oy = — 4.9
COo2 1+ KSP ( )

The reaction.rate comes as follows

K_P
ro=K——s 4.10
1 T4 KLP (4.10)

where k’is the rate constant for the CO, decomposition step (the reverse
reaction being supposed infinitely slow), P the CO, pressure, Ks the equilibrium
constant for CO, adsorption and & the equilibrium surface coverage of the oxide by
CO..

This expression fits very well the experimental data with the following

parameters
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k' = 436x 10 g.cm2s™?
Ks= 8.99 x 10~ mbar™

The apparent activation energy of 200 kJ.mol™* was measured on the pressure
plateau of figure 4.8, where KsP >> 1. It appears therefore that this value refers to the
actual activation energy on k' and refers ta the decomposition step only.

Comparing the linear rate constantsobtained in this work with those reported
by Vallette et al. (Vallette, 2005) for oxidatioh-efiron in CO,, shows that the present
linear constants are inferiorby several orders of magnitude. Activation energy is also
slightly lower (245 k.m0l .for the reaction Fe + ©@,). This is not surprising as
surface chemisorption.and catalysis highly_ depend on the chemistry of the growing
oxide. However, the pregsented reaction r‘p})del Is not dependent on the choice of the
formed oxide as the oxygen incarporation into the oxide does not appear in the kinetic
equation for rate law. Remembering th_at . the oxide-gas reaction may involve
chromium-manganese spinel:and not chromia does not change the discussion and the
fit to the CO, pressure influence. 224

In the parabolic regime; al surface st‘eps are considered to achieve equilibrium
and the reaction rate is classically described by the Wagner theory. Assuming chromia
formation only, the scale thickness can be expressed as

gﬂ — 3D (Cri“.>im B (Cri“. >ext
i dt ° y

(4.11)

with y the chromia thickness

t the time of oxidation

1/2 i thhe equivalent volume of ehromia for'1 mol.Cr (i 7.13.cm*.mol™)

D¢ the diffusion coefficient of interstitial chromium defects in chromia.

(Cri***)int and (Cr;***)ex: the molar fraction of chromium defects at the internal
and external interfaces respectively.

Assuming no molar fraction of chromium defect at external interface, it is
observed that the parabolic constant (kp), equivalent to the diffusion coefficient of Cr
in chromia is the multiplication of diffusion coefficient of interstitial chromium defect

in chromia and the molar fraction of chromium defects at internal.
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As observed in experiments, the thickness of the scale is given, for 925 -
1000°C, by

y®(cm?®) = 77.06exp

4
[—3.9_?_><10 ]t (4.12)

The oxidation Kinetics of ferritic stainless steel type AISI441 under CO,
atmosphere can be summarized as follows:

a) The surface morphalogy shows the.major Cr oxide topped with spinel Mn-
Cr with dispersed TiO, by SEM-EDS and XRD.in agreement with thermodynamic
calculation. 1

b) The oxidation.kineues is in parabolic funetion at high temperatures (>925
°C) due to molecule diffusion and in linear function at lower temperatures and initial
stage due to interface limitation. .

c) The kinetic congtanis of 441 are'-’ identical to Crofer under CO, atmosphere

d) The parabolic gonstants” of fgr;r.itJi_c stalnless steels in CO, are higher
compared with those in synthetic air or 20%:Q27Ar.

e) The linear constants .Of ferritic st&i‘hie;ss steels are inferior to that of iron in

the same atmosphere -
f) Oxide behave as n-type of semiconduction with.the possible phase such as
Fe** doped Cr,0s. :
g) A defect model was proposed with n-type chromia containing Cr;

interstitial chromium ions asithe major defect



Chapter V

Corrosion behaviour of ferritic stainless steels
exposed to synthetic biogas

at high temperatures

5.1 Introduction

The success of use” of ferritic stainless steels as SOFCs applications in
synthetic air and hydrogen humidified Whé reported by Chandra-ambhorn (Chandra-
ambhorn, 2006). However, for experimentéil use of fermentative biogas instead of
hydrogen as a superior choice atmospheré-, in anode side due to their primitive and
renewable nature (Herle, 2004-1), unfortunately, the corrosion behaviour have been
not extensively studied. According to biogaébb"hposition, therefore, it is possible that
the corrosion process would be Aot only oxidatién but also carburization.

The objective f this study is to understand the corrosion behaviour of ferritic
stainless steels under-synthetic biogas. The study was carried out in terms of
thermodynamic  calculations, kinetic measurements and physico-chemical
characterisation-of-the @xide scales-formed-in the presence-of methane-carbon dioxide

mixtures.
5.2 Thermodynamic Calculations

5.2.1 Thermodynamics of biogas

The possible reaction associated with the hydrogen production from biogas for

SOFC are shown as follows
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(Dry reforming) CHs + CO, =2H;, + 2CO (5.1)
(Steam reforming) CH4 + H,O =3H, + CO (5.2)
(Water gas shift) CO+H;0=H,+CO, (5.3)

The possible carbon formation can be also described by the reactions as

follows:
2CO0=CO0; +.€ (5.4)
CHy=2H, +C (5.5)
CO+ H, = H,0+C (5.6)

The most stable reaction involved the production hydrogen from biogas in
SOFCs is reactions (5.1 and 5.5). The thermadynamic program Factsage with Fact53
database was used to‘Calculate the comp]‘ex‘.equilibrium species and also the carbon
activity (ac). The carbon can be observeée_in the system when its activity is at least
equal to 1. The results arg shown with threq \}'blumetric ratio of methane in synthetic

biogas. Frf

2) 30% CH, + 70% CO,

When methane is added in CO, the reaction of this mixture
will be more complicated .than that of pure,CO; (as described in chapter 1V). The
partial pressure’ of| gases and activity (of carbon are then detérmined in function of

inverse temperature as shown in Figure 5.1.
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Figure 5.1: The logarithm of partial,pressufe_.oj? gases and activity of carbon in

function of the reciprocal'tenperature in presence of 70%CO; + 30% CH,.

i

It was-found that, dd_e'.;io, their biogas reactions, the partial
pressures of O, CO and H, increase with increasing. temperature. The partial
pressures of CO and“H; are, however, almost constant when temperature reaches to
700°C. Contrarily, pressure of CO, decreased while temperature increases. On the
other hand, the water vapour decreased until 700°C and then. slightly increased with
increasing temperature..Mareaver,.the result 'showed thatigraphite can be possibly

formed at temperature below 700°C:
b) 50% CH, + 50% CO,

The possible equilibrium gases in 50% CH4 + 50% CO, were

computed at different temperatures as revealed in Figure 5.2.
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Figure 5.2: The logarithm' of partial preé__s_.ur_e of equilibrium gases in 50%CH, +

50%CO; in function of the reCiprocal temperature.

i

The caleulations shoWed; that partial pressures of O,, H,, and
CO increase when temperature also increases except water vapour (H,O) and CO,.
The pressures of H;“and CO are nearly constant when t€mperature reaches 800°C.
Moreover, the calculation showed that the activity of carbon is always equal to 1, i.e.

graphite is possibly formed:in this condition:.
c) 70% CH,4 +30%CO,

As same manner, the result of the calculations of partial

pressures of gases is exhibited in Figure 5.3.



86

0 10q0°C 909°C 809°C 709°C 600°C

Log P (P in bar)
NN NN B
a b W NP O O b

N
o
1

)
N

0.8 0.9 ;' 1.0 11 12
1000/T (K™?)
Figure 5.3: The logarithm' of partial preé__s_.ur_e of equilibrium gases in 70%CH, +

30%CO: in function of the reCiprocal temperatures.

i

Same as‘the-previous -fésults, all pressures of gas increase when
temperature also increases, except water vapour (H,Q).and CO,. Moreover, the
activity of carbon is"always equal to 1. Therefore, graphite can be formed at all
temperatures.

The* partial _pressure<of O,, H,, H,O and carbon can be

concluded in functien of the:volumetric ratio of methane in thetbiogas as follows:
a) Oxygen
The logarithm of partial pressure of oxygen in function of the

volumetric ratio of CHy is plotted in the temperature range of 600 — 1000°C as shown

in Figure 5.4.
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Figure 5.4: Partial pressure of oxygen :'p__lot_ted with volumetric ratio of CH, in
synthetic biogas between'600-and 1000°C. .

it ol

It can be concluded thét;;when the content of CH, in synthetic
biogas increases, the partial pressure of oxygen decreases rapidly. When the quantity
of methane reaches 1ts composition in biogas (50-70%CH,), the partial pressure of
oxygen is almost identical at the same temperature. The-calculations revealed that the
partial pressure_of oxygen:in_synthetic biogas (50-70%CH, and 30-50%CO;) was
10® to 10 % bar at-the.range of intermediate temperatures of SOFCs (600 - 800°C).

Comparing to' calculation ef. the partial pressure of oxygen in
2%H,0/H, between 700 and 900°C hy Chandra-ambhaon (Chandra-ambhon, 2006),
both calculations are approximately equal. It is therefore possible that the same type

of oxides may be thermodynamically formed on steels in both atmospheres.
b) Hydrogen

Although hydrogen may be insignificant for the formation of

metal oxide, it plays an important role in anodic reactions as gas oxidizing in SOFCs.



88

Using biogas instead of pure hydrogen may then reduce electrical efficiency due to
concentration of hydrogen (Piroonlerkgul, 2008). The partial pressures of hydrogen in
function of %CH, are therefore plotted in the temperature range of 600-1000° as

shown in Figure 5.5.
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Figure 5.5: Partial pressure of hydrogen in function of volumetric ratio of CHy in
synthetic biogas between 600 and 1000°C.

The calculations showed that the partial pressure of hydrogen
increases near linearly while the centent of methane in biogasgalso increases. The
partial pressure of hydrogen obtained by the reactian in synthetic biogas (50-70%CH,4
and 30-50%CO0,) is about 0.4 to 0.75 bar between 600 and 1000 °C. The electrical
efficiency may be so reduced by comparing with using pure hydrogen or humid

hydrogen.
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c) Water vapour (H,0)
The partial pressures of water vapour in function of volumetric

ratio of CH, are plotted in the temperature range of 600 — 1000°C as shown in Figure
5.6.
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% CH, in synthetic biogas
Figure 5.6: Partial pressure of water vapour in function of volumetric ratio of CHy in
the synthetic biogas between*600 and 1000°C.

It is found that no water vapour formed atg0% and 100% CHy,
because\of lack of oxygen. The partial pressure of water vapour.at 600°C and 700°C
increases swiftly with the increasing percentage of CH4 up to 50% and then decreases
alike parabolic shape. In the other hand, its pressure increased with the increasing
content of methane till 30% and then decreases rapidly for higher temperatures. In
addition, the partial pressure of water vapour is in order of 0.00251 to 0.23 bar (0.25 -
23%) between temperature in range of 600- 1000°C for biogas.
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d) Solid carbon
It is possible that the graphite may be found in biogas system as
shown in Figure 5.7. The grey zone represents the conditions in which carbon can be

formed (a; > 1), contrarily, there is no carbon in the white zone.
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Figure 5.7: Schematicﬂagram of activity of carbon in ynthetic biogas between 600 —
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- The result shewed that the formation of carbon depends on the
quantiﬂome‘tﬂaa hﬂtﬂsﬁtm Ng%q ;F]]j’a tiq%ip‘);]aaegraphite can be
formed from 15% CH, in synthetic biogas at 600°C. However, according to the
calculation, the carbon was feasibly formed in the system from 50% CH, at operating
temperature of SOFCs (600-1000 °C). Therefore, the reactivity of stainless steels and
synthetic biogas will probably lead to the mixing material degradation of oxidation
and carburization.

It was, however, observed that there may be a relation between

the formation of carbon and the existence of water vapour in the system. That is,
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when water vapour in system is sufficient, the carbon can be feasibly eliminated. As
revealed in reaction (5.6), when water vapour or steam is added in system, the activity
of carbon will decrease at equilibrium.

The calculations of other researchers (Assabumrungrat, 2006;
Piroonlerkgul, 2008) have reported that a reforming agent (air or steam) is required to
inhibit the carbon formation. In these calculations, water vapour was the best choice
for inhibiting the formation of carbon in biggas. The calculation of the mass fraction

of water vapour required to_inhibit carbon formation is displayed in Figure 5.8.

0.6

70%CH, : 30%CO,
60%CH, : 40%CO,
509%CH, : 50%CH,

0.1

Mass fraction of water vapour in biogas

0.0 : : : ecesess,
900 1000 1100 1200 1300

Temmperature (K)

Figure 5.8: Mass fraction of water vapour requiredsto inhibit carben/formation in
different temperature and composition-ef biogas (Carbon 1s unstable above each

curve).

This calculation shows the mass fraction of water vapour
required decreases hyperbolically with increasing temperature, attaining almost
constant value above about 1200 K. The mass fraction of water vapour is also
required more in higher content of methane in order to eliminate thermodynamically

the carbon formation. However, when the mass fraction of steam increases, the
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electrical efficiency always decreases because the hydrogen in system also decreases
(Piroonlerkgul, 2008).

Adding steam in the system can change the pressure of
important gases in the system. Percent change of pressure of gas with mass fraction of
water vapour required to inhibit the carbon formation in 70%CH,; + 30%CO; is

exhibited in Figure 5.9.
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Figure 5.9: Percent change of pressure of H,, H,O and-O, with the mass fraction of

steam required_in system of- 70%CH, + 30% CO..

It is found that the pressure.of hydrogen will decrease slightly
with the increasing: mass fraction of steam. Inversely, the pressure of oxygen and
water vapour will increase when the mass fraction of steam also increases. However,
because the pressure of oxygen increases in order of 40 — 80%, the metal may be

more oxidized in this condition.
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5.2.2 Oxide stability diagram of AlS1441

The oxide stability diagram of AlISI441 in Figure 5.10 was derived from the
appendix A by superposing the oxygen partial pressure generated by the biogas

atmospheres.
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Figure 5.10: Oxide stability diagram of AlSI441 in synthetic biogas for the
temperature range 700-900°C. "

In the range of 700 to 900°C, all important oxides will be possibly formed on
441 in_contact with, biogas except FeO. On the ‘contrary, FeO can be formed in the
100%CO; atmosphere.

To assess the possible formation of iron oxide(s), leading to catastrophic
oxidation, the pressures of oxygen with the evolution of methane in synthetic biogas

was calculated and plotted in Figure 5.11.
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Figure 5.11: Pressure of oxygen with the éfv,___olqtion of CHy in the biogas comparing to
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the formation of iron oxide at 800°C.: 7N
2

It is observed that no catastrophic oXdeafion with iron oxides appearing on 441
subjected to biogas.atmosphere could appear as the existénce of iron oxides occurs in
contact with a maximum of 19%CHy, in synthetic biogas. However, the spinel (Fe,
Cr)304 may be formed-at all percent methane in biogas cenditions.

The presence of. another spinel. phase, as. MnCr,O,4.is known to be much

beneficial for!some: properties ‘such ‘as Cr-evaporation and: oxidation. The oxide
stability diagram of spinel (Mn, €r)3O4 in equilibrium with AlSI441 exposed to
syntheti¢ biogas at.800°C was then.calculated as described in Appendix A and drawn

as shown'in Figure 5.12.
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Figure 5.12: Stability diagram of MnCr204".ir-i‘@|S| 441 subjected to synthetic biogas
at 800°C. T

In this$tudy, the calculated activity of Mn.in 441 is equal to 107 *° at
1073 K. It is found that there is conceivable phase of MnCr,0, formed in contact with
biogas. Moreover, thermodynamics shows a.large driving force at this contact, where
it effectively appears hut also a small driving force at the metal-scale interface where

this compound may thermodynamically form.

5.2.3 Carbide stability of AIS1441 in biogas

Considering the biogas atmospheres, not only a number of oxides can be
formed on 441, but metal carbides can be also formed thermodynamically due to the
presence of carbon in the system. According to the Gibbs free energy diagram of
carbides, the stability of carbide in carburization increases from FesC to TiC (Kofstad,
1988).



96

It is noted that the activity of carbon may be lower than 1 in the carbide
formation at equilibrium. Figure 5.13 shows activity of carbon to form carbides with
the AISI441 solution (ameta <1) in AISI441 in terms of activity of carbon as a function

of temperature.

Log activity of carbon

_6 T T T T
700 800 900 ~1000 1100 1200

Temperature (K)

Figure 5.13: The activity of carbon to form various carbides with solid solution in
AlS1441 in function of temperature,

The calculation showed that the lowest, activity of carbon concerns the
formation of\TiC at low temperatures.. However, at SOFC operating temperature (600
—1000°C) it seems that the formation of Cr;C; has the lowest carbon. These activities
were compared to the activity of carbon in the synthetic biogas and transformed to
biogas composition in Figure 5.14. The line and dotted line in Figure 5.14 represent
the boundary of carbide formation in synthetic biogas for TiC and Cr;Cs respectively.

It is observed that TiC and Cr;C; can always be formed in the synthetic biogas

composition at temperatures between 600 and 1000°C. These results therefore show
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that carbide formation will be an important challenge in synthetic biogas at operating

temperatures of SOFCs.
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Figure 5.14: Schematic boundary 6f carbide formation in function of temperature and

%CH, in synthetic biagas. Grey area represents'graphite fermation

5.3 Kinetics Behaviour of Ferritic Stainless Steels

5.3.1 Isothermal kinetics of corrosion

As observed by naked eye immediately after oxidation and before determining
the mass change, spallation was noticed on the surfaces of samples subjected to
synthetic biogas (50-70%CH, + 30-50%CO,) at 900°C only and to pure methane at
800 and 900°C. In these situations, the weight gains were badly reproducible. In the
other hand, at lower temperatures (700°C in methane, 700 and 800°C in biogas), no
spallation was detected but all samples were covered with a thin black carbon deposit

which was estimated to be negligible on the weight gain measurements. However, the
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mass gain were presented with error bars indicated minimum and maximum value of
2 measurements

The corrosion kinetics of 441 at 800°C is shown in Figure 5.15. It was found
that all kinetics were linear, except that in pure methane, and that increasing methane
fraction in the biogas led to greater reaction rate. This was especially visible at 800
and 900°C. The mass gain obtained, for. samples corroded in pure CH,; decreased

apparently at 80 h due to spallation of the ¢orrosion scale.
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1.2 1 / N A 44110 50%CH, + 50%CO,
‘YE / = 57 441 in 70%CH, + 30%CO,
O 1.0 A \ <> 441inpureCH,
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— 08 / i, \
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o
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Figure 5.15: Corrosion kinetics of 441 inithe different gasiatmaespheres at 800°C.

The Kinetics 'of441' in‘synthetic'biogas!attlower (700%C) and-higher (900°C)
temperatures in Figure 5.16 and 5.17 exhibited the same linear shape but scale
spallation was always observed at 900°C, leading to weight loss. According to Figure
5.16, where no spallation was observed at 700°C, the mass gain of 441 in 70CH, +
30CO, was greater than that in pure CHa.
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Figure 5.17: Corrosion kinetics of 441 in the different gas atmospheres at 900°C.
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From Figure 5.17, the spallation was observed at 900°C when the exposure
time reached to 80 hours. The kinetic constant at this temperature were estimated

without consideration of mass gain for 80 hours.
The linear rate constants at several temperatures were plotted in function of

the methane fraction in synthetic biogas as shown in Figure 5.18. It was found that the

constant regularly increased with the methane fraction except 700°C.

-6

Log k, (k, in g.cm®.s™)

'll T T T : — T T
0 20 40 60 80 100

%CH, in synthetic biogas
Figure 5.18: linear rate-Constants plotted with methane fraction in biogas at various

temperatures.
All the described experiments were also'carried out with Crofer as shown in

Figure 5.19. It presented that the carrosion kineties of Crofer behaved with identical

manneras 441, with also larger rate.value than in pure COx.
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Figure 5.19: Kinetics of Crofer n the.c

: 1‘»\\\ phere at 800°C.

5.3.2 Temperature depen { ion Kinetics

—T . .

The comparison | (441 and Crofer in synthetic
biogas is depicted in Iﬁure .20. ved atl@linear constants for 441 and
Crofer subjected to the‘e@e methane fra&gon in synthetic biogas are also almost
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Figure 5.20: Comparison of and Crofer in synthetic
biogas.
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ﬂin 709%CH, + 70%CO,
in pure CH,

-7 A

‘@kl (k,in g.cm?.s™)
—J

'11 T T T T T T
084 086 088 090 092 094 09 098 100 1.02 104

1000/T (K™

Figure 5.21: Arrhenius plot for linear kinetic constants of 441in several atmospheres.
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Comparing the kinetics in different atmospheres is shown in Figure 5.21. It
was found that the linear constants of 441 in the range of biogas (50-70%CH,) have a
tendency to be greater than that of 441 in pure CO, at 700-900°C. The linear
constants of 441 in the mixture of methane and carbon dioxide were almost equal at
700°C. The apparent activation energy of 441 obeyed by Arrhenius law with
activation energy of 120, 206, 158, and 273 kJ.mol™ for 30%, 50%, 70%, and, 100%

of methane in biogas consequently.

900°C 800°C 700°C

Crofer in pure CO,

Crofer in 30%CH, +70%CO,
Croferin 50%CH,+ 50%CO,
Crofer in 70%CH,+50%CO,
Croferin pure CH,

O<1 P> 0o

Log k, (k,in g.cm?s™)

-10 1

'11 T T T T T T T T T
084 086 088 09 092 094 09 098 100 1.02 1.04

1000/Ty (K™
Figure 5.22: Arrhenius plot for linear Kinetic constant of Crofer in several

atmospheres.

For Crofer (Figure 5.22), the linear constants obey the Arrhenius law with an
apparent activation energy of 78, 133, 116 and 171 kJ.mol™ for 30%, 50%, 70%, and
100% of methane in biogas, with the same tendency as 441.

To confirm these results, the corrosion kinetics of stainless steels were also
performed with the thermobalace. All kinetics were also linear but it was found that
the linear constants with discontinuous measurement were superior to that obtained

using the thermogravimetric monitoring in the same atmospheres as presented in
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Figure 5.23. The linear constant of 441 obeyed the Arrhenius laws with apparent

activation energies of 182 and 144 kJ.mol™ for 50% and 70% of methane in biogas

respectively.

90p°C 80p°C 700°C 600°C
O/ 441 in 70%CH4+30%CO> (Discont.)
[1 /Crofer in 70%CH4+30%CO, (Discont.)
-8 ® A421ns70%CH4+30%CO> (Conti.)
— m  Croferin 70%CH4+30%CO> (Conti.)
i
o
E 9
G 9
o
£
-
~  -10 1
X
o
o
-
-11 1
-12 T T T ';; T T T T

0.80 0.85 0.90 0.95 100l ; 1.05 1.10 1.15 1.20
1000/T (K ™)
Figure 5.23: Comparison of kinetics between discontinuous measurement (discont.)

and thermogravimetric monitoring (conti.).

The linear constants.in pure CH, obtained with the thermobalance were also
inferior to that’ obtained with 'the-horizontal furnace /(5.6 x110™° and 1.6 x 10°®
g.cm2s™ for thermobalance and harizontal furnace respectively) but the constants in
pure CO, Wit different méthads Wwere in'thé similar range (2.9x 10*°, 3.9 x 107*°
and 3.5% 10™° g.cm™?.s™ for microthermobalance B24, horizontal furnace, and

thermobalance B70 respectively).
It can be explained as follows: 1) The temperature may be different due to

different reactors (at most £10°C). 2) The kinetics depends on the linear velocity of
gas due to different velocity in each method (0.5 mm.s” and 1 mm.s™* for

microthermobalance and horizontal furnace consequently). In this study, it was noted
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that the linear velocity of CH, affected more the kinetics than did CO; that may be
concerned with the equilibrium of CH, in the reactors.

However, the linear constants of 441 and Crofer subjected to synthetic biogas
(50-70% CH,) were compared as revealed in Figure 5.24. The results showed that the
constants were in the same range. Moreover, it was found that the methane fraction in

biogas is not significantly influenced to the kinetic constants.

80p°C 700°C 600°C
O 441in 70%CH4+30%COo
[0 Crofer.in 70%CH4+30%CO>
o4 @ 441.in 50%CH4+50%CO5
H."; " [ Croferin 50%CH4+50%CO>
e
(S
(@]
O .10 A
£
S3)
=
(@]
S a1
'12 T T T T T
0.90 0.95 1.00 1.05 1.10 1.15 1.20

1000/T (K™)

Figure 5.24: Linear constant of 441 and Crofer exposed to synthetic biogas.

The reorrosion kinetics' af; stainless: steels, in/ biogas; may be explained by
mechanisms with sequence: 1) Oxidation by CO, and 2) Carburization by CH,.

As described in the chapter IV, the results showed that the oxidation kinetics
of 441 was linear between 800 and 900°C due to chemical limitation at the scale — gas
interface. For n-type chromia with interstitial chromium ions as a major defect,

possible reaction can be reminded as follows:

CO,(g)+s—0=C=0-s (5.7)
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0=C=0-5—-0-5+CO0(9g) (5.8)
30 —s+2Cr™ +6e — 2Cr +30; +3s (5.9)

Cr(m)—Cr™ +3e” (5.10)

These reactions led to linear 'nq'cs depending only on CO, partial pressure.

The model reaction rate can be

gem?st  (5.11)

sure of CO, in mbar

where kK is the linear constant/@ Lopisthe \\\

The explanation of the %b -;1" on process was accomplished by a series of
experiences of 441 in pure CH, w -1 € micro i- )balance as depicted in Figure

5.25 s a:ﬁ- -
B L Z -:
6e-7 -
[ J
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Partial pressure of CH, (mbar)
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Figure 5.25: the influence of partial pressure of CH,4 on the kinetic constants of 441 at
800°C.

The constants in Figure 5.25 were correctly fit with the curve, resulting

in the classical hyperbolic function following

CPCH4

=S (5.12)
1+ DP,,

i

with C and D constants valtes.@iven in Table 5.1.

Table5.1: Constants of the hyperbolic eqt]‘,at'ron (5.12) by regression method

Parameter Vallief . . Std’E_rlj_ CV(%) Dependencies
C 851 10 %1 520107, | 6141 0.98
(mg.cm™.s " .mbar™) _

D (mbar ) 158 x102 | 112102 | 70.96 0.98

It was found that the manner of constant plot was identical to the case of 441

in CO, atmosphere. The feasible mechanisms can be summarized as follows

Chemisorption of CH, CH, #s— CH,~'s (5.12)

CH, dissociation CH,—=s—2H,+Cy e FS (5.13)

According to reaction as mention above, assuming mass gain by carbon only,
the kinetic constants was proportional to the adsorption coverage ratio on the surface

of the steels. The formation of carbon can be then written kinetically as

8.51x10 Py,
' 14+1.58x10 Py,

gcmist  (5.14)
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where k; is the linear constant and Pcpy is the partial pressure of CH,4 in mbar

Due to higher gas velocity in the horizontal furnace and the same tendency of
linear constant manner, the constants in the horizontal furnace were greater than those

in microthermobalance in factor of 28.6. The equation (5.14) become

—2.43x 18R,
~1+158x10 “By,.

g.cm?s? (5.15)

The equation (5.41) and(5:15) show the linear constant depending only on the
partial pressure of carbon'digxide or methaﬁe. The combination of both equations will
also lead to linear functiom with constant partial pressure.

Comparing between eguations (5,11). and (5.15), the mass gain by carbon
deposit with equation (5.15) will be therefore greater than that by oxidation.

After that, carbon may then dissolve into the metal by diffusion and possibly

form the carbide phases.

5.4 Scale Characterization

5.4.1 XRD analysis

X-ray diffraction lanalysis of 441 after exposure in different atmospheres at
800°C for 80h is shown in Figure 5.26. In order to compare the XRD pattern with
particular carbide phase, the corrosion products on the sample 441 exposed to pure
CH, atmosphere were also identified by XRD. By this situation, carbides can be
detected with the major phases Cr;Cz (ICDD card 36-1482) or Cr3C, (ICDD card 35-
0804). Practically, the chromia phase was unexpectedly observed in the plane [012]
(26 = 24.5°, ICDD card 38-1479).
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The spectra recorded on samples corroded in biogas were surprisingly very
similar to those recorded on samples oxidised in pure CO,, as detailed in chapter 1V,
with the major phases Cr,0O3 and (Mn,Cr);0,4. The presence of eventual carbides is
difficult to assess due to many line overlapping. Possible carbide(s) can be observed
as a shoulder of the [100] line of the ferritic phase, corresponding to the most intense
lines of Cr;Cs ([151] line at 26 = 44.167¢, ICDD card 36-1482) or Cr,3Cs ([511] line
at 20 = 44.097°, ICDD card 35-0783). An‘extra line, corresponding to none of the
above compounds also appears at 20 = 40.9°, possibly indexed as the intense [200]
reflexion of Cr3C, (ICDD. card 35—0804), but it must be noted that the most intense

line of this phase is always abseni from the spectra.

O c 7 P ] F
250 - cQ ]
M =Rhombo
S =(Mn,Cr),0,
200 ~ Pure CH, F =Fe-Cr
O =Cr.C,
C =Cr,C,

150 1 70%CHy + 30%CO,

f\
b hes ity e Lad

100 1 50%CH4 +50%C0,

Relative intensity (a.u)

50 7 30%CH4 +70%CO
[
S
H =m
0 1 Pure CO,
T T T T T
20 30 40 50 60 70 80

Figure 5:26: X-ray diffraction of 441 in different gas at 800°C for 80h.

Figure 5.27 exhibits the XRD spectra recorded on sample 441 corroded for
different oxidation time. It was observed that the spectrum was similar pattern with
the chromia phase, spinel phase and Cr;Cs; phase. The amount of phases also

increased with increased oxidation time.
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Figure 5.27 X-ray diffraction q 44 O, for different oxidation
". . ]
periods at 800°C.

ing the major phase of Cr,03

identical to the other

temperature for ferritic-stainless steels exposed to biogas:
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Figure 5.28 X-ray diffraction a fg@%b% nless steels in 70%CH4+30%CO; for 80h
at 800°C. MYeLr

5.4.2 Scale mpholdgy'

The surface nErpho in.@/nthetic biogas atmosphere

during 2 hours is shown'irgigure 5.29. It was observed that carbon (designated as 2
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hours a) ‘Surface morphology b) EDX for oxide scale and ¢) EDX for carbon or
graphite.

When the corrosion advanced, the surface morphology of 441 exposed to
70%CH;+30%CO, at 800°C during 80 h is shown in Figure 5.30. It was found that

more carbon particles were deposited on the scale surface. Oxide platelets were
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observed between carbon particles. It seemed that the homogeneous carbon particles
were accumulated on the surface more than that during 2 hours.

On the cross section (Figure 5.31), the scale appears as a dense phase with
quite uniform thickness, between 4 and 5 pum. Some small nodules analyzed as

detected in C-rich can be observed in the oxide layer with 0.5 um in diameter.

.
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Figure 5.30: Surface morp
during 80h.

o 4+30%CO, at 800°C
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Figure 531 oﬁ%gﬁ i ﬁg@p%’w@qcﬂ@ 2 800°C during 801

a) Morphology of corrosion scale an°g b) EDX analysis for carbides.

AAAINTU LI INEIDY o e

(50%CH4+50%CQO,) is presented in Figure 5.32 for surface and Figure 5.33 for cross
section. Whiskers, platelets and fleecy forms of chromia were visibly observed on the
dense chromia scale in addition to carbon particles. Spherical carbon particles tend to
sit near the chromia whiskers with an average size of 4 um. Small nodules rich in Ti
were also detected on the surface, a typical observation for such ferritic stainless

steels.
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Figure 5.32: Surface mo (# AL \ 0CH4+30%CO, at 800°C
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Figure 5.33: Cross section ef 441 exposed t0.50%CH;+50%CO, at 800°C during 80h

a) Morphology of corrosion,scale and ) EDX analysis for carbides.

The ‘morphelegy -of “the* corrosion: scales ‘obtained at-higher temperature
(900°C) ffor 441 exposed to 70%CH4+30%CO, during 80 h appears in Figure 5.34 for
surface and in Figure 5.35 for cross section. From Figure 5.34, the porous state of the
scale was evidenced, with carbon within pores. Surface was rather rough comparing
with the surface of samples exposed to the same atmosphere, but at lower
temperatures. Discontinuous pores or voids occurred within the scale (Figure 5.35).
Such scales seemed poorly adherent due to the presence of large voids at the metal-

scale interface, in good agreement with the observed spallation. On all samples, a
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thick carbon deposit was grown during the corrosion sequence and easily detached at
cooling. Figure 5.36 shows such a deposit, containing only graphite as characterized

in Figure 5.37, on the samples subjected to synthetic biogas at 900°C with
characteristic growth features.

Figure 5.34: Surface morpholagy of 441 ¢ 0 70%CH,+30%CO; at 900°C

during 80h. N —————F
SV Y]

"“' U
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2 um

Figure 5.35: Cross section'44 50 e 06CH4+30%CO, at 900°C during 80h.

Figure 5.36: Carbon deposit on the sample exposed to 70%CH;+30%CO, at 900°C
during 25h.
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Figure 5.37: XRD pattegn oficarbon depos"lt_ of figure 5.36.

From Figure 5.36 and 5.37, graphité—ib-ar}_icles of 10 um diameter deposited and
transformed into the film. It seemed that tﬁéjc-_érbon has grown in the perpendicular
direction of the surface sampie.' The grovvth- fé_t—é_ 6f graphite film is approximate 0.11
um.s™. In addition, XRD spectra recorded on the deposif confirmed that there was
only graphite in the deposit.

Comparing to scale.morphology of.Crofer in the same condition, the surface
morphology of‘Craofer exposed ta biogas was also revealed in figure 5.38 for Crofer at
800°C and in figure 5.39 for that at 900°C. It seemed their morphology were almost
identical) to ' the /marphology~ofi441 fin| the' samecondition at<800°C but the scale
morphology of Crofer exposed to biogas at 900°C seemed more dense than that of
441. From Figure 5.36, whiskers, platelets and fleecy forms of chromia can be also

observed on the dense chromia scale in addition to carbon particles.
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Figure 5.38: Surface morpholog ,. : \\}‘ k."u\ 0%CH;+30%CO, at 800°C
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Figure 5.39: Surface morphology of Crofer exposed to 70%CH4+30%CO, at 900°C
during 80h.
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The morphology of corrosion scale showing chromia and/or carbide-rich
phase is in agreement with thermodynamic calculations and generally observed in
stainless steels. From above results and discussion, it may be further proposed that, in
the initial stage of corrosion, the major oxide was mainly rhombohedral (Fe, Cr),03
topped with MnCr,04, SiO,, TiO, and carbon. When the corrosion proceeds, the
corrosion scale becomes more dense and homogeneous in addition to spherical carbon
particles at lower temperature. Mn-Cr Spinel iended to be dense and covered Cr,0s.
TiO, was also dispersed on the eutermost lay€r=The schematic sketch of the evolution
of the corrosion scale growth at.the lower temperature 1s schematized in Figure 5.40.

(Fe, Cr)203 or Cr,05 Graph'te Tio Gl’aphlte
2

(Mn,Cr);0, Ti0; o «—Spinel Mn Cr
A Cr203 e ®

Met}(/A “ \' Metal Carbide

precipitation

Initial stage . Next stage

Figure 5.40: Schematic of the evaiution of corrosion scale of 441 in biogas
atmosphere at the lower temperatures. s
However,-due-to-more-carbon-pick-up-at-ntgher temperatures, the oxide
scale becomes porous-with carbon and carbon then diffuses easier compared to lower
temperatures to metal to form carbide. The schematic Sketch of the evolution of the

corrosion scale-growth-at 900°C-is schematized in Figure 5:41;

(Fe,Cr),03 or Cr,03 Cr,0;4 Tio, Spinel Mn

Graphite
(Mn,Cr)304| Az C

Metal -

Initial

Porous Cr,0O3 +
Carbide

Figure 5.41: Schematic of the evolution of the corrosion scale on 441 in biogas
atmosphere at 900°C.



122

5.4.3 Thickness

Due to the presence of carbon and possible carbide(s) in addition to oxides, the
thickness of the corrosion scales is difficult to assess exactly due to non-uniform
thickness and the appearance of internal precipitation. They were tentatively
measured by SEM on cross-sections and also calculated from mass gain, assuming
chromia formation only (as described in Ap_‘;;eﬁfdix B). The results appear in Figure
5.42. It can be observed that Scales grown in‘pure €O, have almost identical measured
and calculated thickness. E_n the contre‘;ry, when grown in biogas, the calculated and

measured thicknesses co/u{t‘bjdifferent. by a factor of 2. Thicknesses of scales on 441

in synthetic biogas are significantly gregter than those in synthetic air or humidified
esslon 4441 is higher than Crofer for all atmospheres except
//‘ ,':' %‘a

g --‘- f')'-‘j* L

hydrogen. The scale thic
for air and H,O/Hs.

6
! ,;, ‘{J':r - Pure CO2 - Calc.
) !_' : '-";r' [ Pure CO,-Meas.
A ‘gt :J:J [ 50%CH, + 50%CO, -Calc.
5 3.8 =45 — [ 50%CH,, + 50%CO, -Meas.
S, I 4,"';-;4__ [ 70%CH,, + 30%CO, -Calc.
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Figure 5.42: Thickness of corrosion scales formed in different atmospheres at 800°C
obtained by calculation from mass gain (Calc.) and cross section measurements

(Meas.). When error bars, the value indicated is the mean value.
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5.4.4 Microhardness

To assess the presence of carbon within the metallic substrate, microhardness
testing was performed in the subsurface zone. The results of Knoop indentation, with
the long diagonal of the indent parallel to the metal-scale interface, at 10 um below it
appear in Fig. 5.43. The hardness of 441 subjected to synthetic biogas at 800°C is not
significantly different from that of nom-oxidised 411, showing that, at this
temperature, carburisation.is very weak, in-goed agreement with the XRD results. In
the other hand, the hardness.of 441 stmitted to synthetic biogas at 900°C gained
much higher value compared«to the similar atmosphere at 800°C due to carbon
dissolution and/or precipitation hardening by carbide.

120

57.94

100 +
80 1 —

60

40 ~

Knoop hardness (HK) - 10g load

20
4.33 2.10
0 4 crTn '
Notoxidised 70%EH4#30%CO2| Pure €Ol 70%CH,+30%CO,
SOOOC 800°C 9000C

Figure 5.43: Microhardness values of the 441 steel substrate at 10 um under the
metal-scale interface. Corrosion duration: 80 h. Given values: mean values. Error

bars: maximum values from 5 measurements.

In pure COy, the high hardness value obtained confirms the works by Abellan
et al. (Abellan, 2009; 2010) who claim that carbon may diffuse through chromia
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scales. According to thermodynamics, the equilibrium activity of carbon in pure CO,
is not high enough to carburize chromium, but CO release at the oxide-gas interface,
resulting from the oxidation reaction, may locally increase this activity making
possible chromium carbide formation. It is also envisaged that CO may diffuse in
molecular form through specific channels in the oxide, making carbon dissolution and

carburisation possible at the .metal-scale interface by this reaction:

2CO =CO, +<<C>>memI . In this study, carbide‘precipitation in alloy was confimed by

SEM imaging of the cross section of 44% in pure CO; as shown in Figure 5.44.
From thisfigure,.itis noted that the precipitates are favorably TiC with

4 um in diameter at abeut 104qimfrom the metel - oxide interface.

oxide

10 pm
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Figure 5.44: a) cross section of 441 subjected to pure CO; at 800°C during 100h and

b) EDX analysis for carbides. L 4

According to morphelogy and midr,ohardness results, the oxide and/or carbide
layer that forms on the surface at lower t’é:?hfferatures can act as a barrier to inward
carbon diffusion into surface correspondlng g,n lower hardness at the metal-scale
interface, whereas the porous scalﬁormed%&*QOO°C may favour the carbon diffusion

resulting in embrlttlement of the bulk materlals

The corrosmw behaviour of stainiess steels in synthetlc biogas atmospheres
were studied and concluded as follows:

1. Oxidation kinetics of the steel in synthetic blogas are linear, with the rate
constants higher than for steel ‘oxidation in“pure COx.

2. Increasing the fraction of CH, in biogas increases the corrosion rate.

3. The oxides Cr,03 and Mn-Cr spinel.form on 441 in-hiogas:as in CO,, but Cr
and Ti carbides can also appear in the scale and/or'in the metal.

4. At T < 800°C, the scale is compact and acts as a barrier to carbon
penetration, but at 900°C porosity in scales leads to direct reaction between biogas
and metal.

5. Carbon strongly deposits on samples exposed to synthetic biogas at 900°C
but not at lower temperatures. The temperature of 800°C must not be overpassed to

ensure carbon free operation of SOFCs.



Chapter VI

General conclusion and

perspectives

6.1 General Conclusion

The conventional siainless Steels AlSI441 was used as the candidate materials
for SOFCs interconnectors ai high temperature. The important properties for these
with comments are cortesion behaviour,” mechanical adhesion of scale, electrical
conductivity, and Cr-evaperation. Anywéy,,this research was intensively focused on
the terms of high temperature: corresion ‘behaviour of ferritic stainless steels under

fermentative biogas atmospheres insiead of humld hydrogen.

The study divided into-the folloWiﬁQ two categories: 1) the oxidation
behaviour of steels under CO,-atmosphere 'vah'd'Z) the carrosion behaviour of steels

subjected to synthetic-hiogas-atmeospheres-TFhey-were suimmarized as follows:

6.1.1 Conclusians for steels under CO, atmosphere

AISI441 and Crofer22 APU were oxidized in pure CO, at high temperatures in
order to understand.the oxidation Kinetics. The study of oxidation kinetics associated
with the thermodynamics, and physieo-chemical characterization was carried out. The

following conclusionsicould be drawn:

1. In the temperature range of 600 to 1000°C, the thermodynamic calculation
showed that the partial pressures of oxygen are in order of 104 to 10™*° bar,
corresponding to the stability binary oxides as FeO, Cr,0O3, SiO,, TiO,, Nb,Os and
also the spinel phase MnCr,0,. The carbon activity varied from 10 to 107!,

showing that no solid carbon or stable carbide can be deposited.
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2. The oxidation Kkinetics of ferritic stainless steel under CO, atmosphere was
in parabolic function at high temperatures (>925 °C) due to limitation by chromium
diffusion through the growing oxide scale and in linear function at lower temperatures
and initial oxidation stages due to interface limitation. It was also noted that the mass
gain at all temperatures increased very rapidly at the initial stage (20 min) to about
0.03-0.05 mg.cm ™ due to rapid nucleation of oxide.

3. Both kinetic constants (parabolic and linear) of 441 under CO; atmosphere
were almost identical to these of Crofer as welias both apparent activation energies in
the same conditions.

4. The parabolic_genstants of ferritic stainless steels in CO;, were in order of
10 g?.cm™.s7, in the.sdmerange asthose in synthetic air or 209%0,/Ar. However,
their apparent activation.energy was considerably higher than the values obtained in
other atmospheres.

5. The linear constants of ferritic stainless steels oxidation were inferior to
these of iron oxidation in‘the same atmosphere. Comparing to the linear constants of
iron, the apparent activation energy of iron‘was also higher than that of 441 and
Crofer oxidised in pure CO,. 7

6. As observed in the PEC experiments, the oxide presented the energy gap
values correspondingto rhombohedral (Fe,Cr);03 and Crs03. These possible oxides
also showed the n-type of semiconductor, agreeing with the semiconductor type of
chromia equilibrated with aow oxygen potential.

7. As observed in isobaric Kinetics and markers experiments, the kinetic model
was proposed with n-type chromia with Cr;***
defect:

8. The scale characterization by SEM-EDX and XRD showed the surface

interstitial chromium ions as the major

morphology of steels with the major rhombohedral of (Fe,Cr),03 and Cr,03 topped

with a layer of Mn-Cr spinel and dispersed TiO, nodules.

6.1.2 Conclusions for steels under synthetic biogas
AISI441 and Crofer22APU were exposed to synthetic biogas (50-70%CH,
and 30-50%CO.) at high temperatures in order to study this corrosion behaviour. The

following conclusions could be drawn:
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1. The thermodynamic calculations by FactSage showed that the partial
pressure of oxygen produced by the mixtures of carbon dioxide and methane used in
this work lies in the range 1072 to 107%° bar for temperatures between 700 and 900°C.
These pressures led to the existence of stable binary oxide from stainless steel
oxidation as Cr,0s, SiO,, TiO,, Nb,Os, but not iron oxides. The spinel phase
(Mn,Cr)304 was also stable in such conditions.

2. In the composition range of the synthetic biogas (50-70 %CH, and 30-
50%CO0,), the carbon activity was always equal 10 1, revealing that the formation of
solid carbon from the atmosphere is possible. This will therefore lead to possible
carbide formation, as Cr and/orTi-0r Nh carbide.

3. Oxidation kinetics.of the steels in synthetic biogas were linear functions,
with the rate constants higher than these-for steel oxidation in pure CO,. It was also
noted that increasing the fraction of CH, |n biogas increased the corrosion rate.

4. According torkinetic experiments, the linear constants for 441 and Crofer
subjected to the same methane fraction_:i,.n{biogas atmosphere were also almost
identical. It was observed that all constants ;z;/ér_e;__. in the same range.

5. The linear constants of 441 in theﬁr_gnge of biogas (50-70%CHy,) tend to be
greater than these in pure CO,. The estimatior; of the apparent activation energy of
441 calculated by Arrhenius law to be 120, 206, 158, and.273 kJ.mol™ for 30, 50, 70
and 100%of methane in synthetic biogas consequently. The linear constants of Crofer
also showed the same tendency.

6. The corrasion kinetics of steels in biogas were also performed using the
continuous thermogravimetric method. All kinetics were also linear but it was found
that the iconstants-determined; by! discontinuous method- were ;superior to these by
continuous method in the same atmospheres. However, the methane fraction in biogas
did not play an importance role with regard to the kinetic constants by this method.

7. The linear velocity of the gas was more influent on the kinetic constants of
corrosion by CH4 than by CO,.

8. The oxides Cr,03 and Mn-Cr spinel formed on 441 in biogas as in CO,, but

Cr carbide coulde also appear in the scale and/or in the metal.
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9. At T < 800°C, the scale was compact and acted as a barrier to carbon
penetration but at 900°C porosity in scales led to direct reaction between biogas and
metal.

10. Carbon strongly deposited on samples exposed to synthetic biogas at
900°C but not at lower temperatures. The temperature of 800°C much not be over-

passed to ensure carbon free operation.of SOFCs.

6.2 Perspectives

1. As reviewed in_the-industrial context, the fermentative biogas is more
complex than that in_thiS experiment. Effect of water vapour and/or sulphur-
containing gas in CHy,# CO, simulated biogas on the kinetics of stainless steel
AISI441 should be focussed. Flexibilit-y" of bilogas composition and/or impurity
tolerance on performance of stainless steel interconnect should be also discussed.

2. As reviewedn the industrial context, the effect of other gases such as H,S
should be also investigated in‘order.to reduce carbon in the system.

3. As observed in the experiments of Dbiogas, at higher temperature (900°C),
carbon attack taking place on the oxidatioh:lerd to the high porous oxide scale and
carburization of materials. The development procedures far. diminishing carbon before
gas inlet should be also conducted.

3. According_fo the composition of biogas, the composition of real
fermentative biogas is depended on the praduction resource which is different with
location and |biomass” waste types.| The reactivity of steels used as SOFCs
interconnectors should be further more studied under real biogas atmospheres.

4, As reviewed in chapter 1 of Introduction, camposition ‘of gases in both
cathode @nd anode side varies from gas inlet to gas outlet. The effect of composition
of gases in both anode and cathode side may be further investigated at the same time.

5. According to the performance of SOFCs interconnectors, the other
properties such mechanical adhesion, electrical conductivity and Cr evaporation, of
441 subjected to biogas atmosphere should be investigated.

6. Other coating materials, such as LSM or LSC or reactive-element coating,

and also coating procedure may be further conducted.
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7. The reactivity of other conventional steels under general SOFCs or biogas
atmospheres should be also investigated. The modification of surface of steels will be

then conducted.

AULINENINYINS
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Appendices
Appendix A

Thermodynamic calculations

P . .
The Gibbs free energy ‘of foi tio one mol of M:Oy is then A; G, 4,

defined by the thermedyn
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By assuming the unit activity of metal oxide and ideal behaviour of the di-

oxygen molecule,



Hence, AfGoMaob =RT In(ag<M>>Pocz/2)

o
e M,O,

Fo, =€Xp N

log R, = 0.4343

C

-

—bln a<<M>>]

A G°
. [%_bln a'<<M>>]

138

(A-1)

with <<M>> is the"aciivity of constituent M in alloy (activity #1) which can

be calculated using varigus thérmodynamic software. In this work, we chose to use

Thermocalc. Reliability of calculation of activities by this software is confirmed by

different methods and-fefefénges as showin TableA-1.
),

. !|

TableA-1: Comparison of activities in stath[ésg steel 316 calculated by different

methods and references. ==

T (K) | Activity | KGMS®, Calculated by
[Vénugopal, 1995] | Azad et al.
[ [Azad, 1989]

MEMF**,

/[Azad, 1989]

This calculation

(Thermocalc)

1293 | are 0.68 -1.58 075

0.95 0.69
1293 | acr 0.23-0.93 0.27 0.28 0.46
1468 | ai 0.08-0.19 0.52 - 0.08
1302 ‘| amn 33X 107 <9.5x |10 |05 0.0039 0.02

7

* KCMS = K-cell mass spectrometry
** MEMS = Meta-stable EMF

According to table Al, the activities of Fe, Cr, Ni, and Mn calculated for

stainless steel 316 in this study by Thermocalc were in excellent agreement with the
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other experiments or calculations, showing the possible use of the models of this
software.

The activities of metal alloy are depended on the composition and
temperature. In this study, the activities of AlISI441 were determined using the

thermodynamic software Thermocalc as shown in Figure A.1.

;J_ . Fe

Log activity of elements in AlISI1441

700 %S 800 900 1000 /1100 1200
Temperature (K)

Figure A.1: the activities of the constituent of metal in the AISI441 in function of

several temperatures.

The calculations show mostly activities of.element in stainless steel 441 will
increasé, when the temperature also increase because the potential~energy between
atom decrease when temperature increase. It was observed that the activity of
elements such as Fe and Cr in solid solution attains to ideal behaviour according to
Raoult’s Law and others obey Henry’s law.

For the metal oxides, the Gibbs free energy of formation of the useful
compound in this study was compared between several references as show in Table
A-2.
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TableA-2: Gibb free energy of formation of several metal oxides in J/mol at 900 K

A, G, , (Barin 1989) A,G,, (Chase A, G, , FactSage databank
1985)

Temperature 900 K 1200 K 900 K 1200 K | 900 K 1200 K
Cr/Cr;03 -901522 -826048 | -894736 | -818475 | -890515.6 -816726.2
Mn/MnO -319086 | -296975" | - - -318982.9 -296924.1
Ti/TiO, -780233 =(27229 ' A A7i4046 | -727113 | -780501.5 -127668.6
Fe/FeO -205790 " 1-186454 | -213118 | -194316 |-206161.5 -186939.2
Si/SiO; - ’ -147468 | -695653 | -747785.5 -695640.2
Fe/Cr/FeCr,O, | -145439¢ -1055516 | - . -1155118.4 | -1056770.1

According to Table A-2, the FacfSage databank (Fact53) is no discrepancies

comparing to the free energy form the otheré‘-data, showing the confident use of these

data.

wead A4

A1.1Gibbs free energy of formation of MnCr0,

The Gibbs free energy of formation of MnCr,O, is not available from
thermodynamic data books (Barin 1989; Chase 1985) nor FactSage databank. Jung
(Jung, 2006) supposed that; the’joptimised-Gibhsenergy: of=formation of MnCr,04
from MnO andyCr,05 is 51 kJ.mol™ in the temperature range of 500 to 1365°C.
Thus

MnO +Cr,0, +%O2 = MnCr,0O,

A G =-51 kJ.mol™*

r
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From thermodynamic relation, the equation is written as following

AfGMnO/CrzoaanCrZO4 = AfGMn/Cr/MnCrZO4 - AfGMno - AfGCrZO3

A f GI(\)/In/Cr/MnCrZO4 =—51000 + AfGI‘:/InO +A f G((.)‘,rzo3

Substituting A Gy, equation (A-1). These P, will be
- #
plotted as log P, in fun erse tempi erature in range of 700 to 900°C, near

?\\ cal pressure of O, for classic

similarly as the Ellin

/ SN
- \\\\

constituents equal to of ’ \\ dlagrams and the modified

Figur.
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Ellingham diagram i ) supposing the activities of

Ellingham are shown
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FigureA.3: Modified Ellingham diagram plot_-ted as Log P, in function of inverse

temperature

From Figure A.2 and A.3, the diagrams show that all critical pressure of
oxygen for pure: metalyincreases withsyincreasing temperature;» Comparing with both
Ellingham diagrams;” although ‘the"same ‘metal oxides will be*feasibly formed in 441
but the critical pressures of oxygen in_classicél diagram are“lower than that in
modified diagramiduesta their activity. In addition, the order of stability of metal

oxide is changed in modified diagram.

A.2 Thermodynamic stability of MnCr,0,4 at 1073 K

For construction of phase stability diagram of metal oxide such as Cr,0s,

MnO and MnCr,0, in alloy such as 441 or Crofer22 with the pressure of oxygen in
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function of activity of Mn, all possible phases are calculated thermodynamically by
the equations following

For line (a), Critical pressure of oxygen forming Chromia (Cr,O3z) are
calculated by this chemical reaction following

Gibbs free energy of for

/3 Al 1073 KA G, , =-847860.30 J

Therefore, every amn, « ., logR, =const.=—27.01

AULINYNINEING

For line (b), Mrﬂ formed thermodynamically is carried out by this chemical reaction.

ARIANNIUARTINETIRE

<< Mn >> +§O2 = MnO

Gibb free energy of formation MnO at 1073 K, A,G,,,, = —306346.80 J
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1 A G!
loga ZlogP, =0.43|=——Mn0
g Mn—i_2 g 0, [ RT ]

log R, = 0.43[%] —2log ay,,

Therefore, log B, =—29.83—2log a,

For line (c), MnCr,O,4 for '

reaction

Iso carried out by this chemical

O = MnCr,O,

73 K, A,Gype,o = —1205207.10 J
III \\\
L&’ POZJ

(=043
J

f um‘ﬁﬂﬁ%‘l r “"“%5‘*
wwﬂemﬂ‘zvtwmmmaa

The phase boundaries between Cr,03, MnO and MnCr,0,4 are drawn by line
(e) and (f) which are calculated by interception of line (a), (b) and (c). Considering the
lines which compose of the most stable phase, i.e. the lowest line, the phase stability
of MnCr,04 with the activity of Mn is shown in Figure A.4.

Gibb free energy of f

A

=]
rGMnCrZO4

RT
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Figure A.4: Thermodynamic stability of MnCr;O4 versus/the activity of Mn at 1073K

From Figure A.4, when the activity of of Mn in 441 is equal to 10, it can
be concluded that the spinel-MnCr,0,4 can thermodynamically form on the oxidizing
sample of 441 in contact with synthetic biogas with-large driving force at PO2 = 10722

and small driving force at PO2 = 10;?’ bar.



Appendix B

Oxide thickness calculation

B.1 The estimation of oxide thickness from mass gain

Assuming only Cr oxide appearing in the scale, the reaction of oxidation will
be considered as follows

2Cr Jr%o2 —Ch0, 1)

The mass variationof oxide in unit surface area is given as
Am(Cr,04
‘.(A.zi.) & t(Cr,0,):p(Cr,0;) (2)

o Am(CrO,) T

Wher isimass gdin in gicm

t(Cr,05) is thickness of Cr oxide incm

p(Cr,0,) is densityof Cr oxide; 5.21 g cm™

The measuréiment of mass gain by thérmogravimetric analysis corresponds to
Am . . :
the mass of oxygenT (g.cm ). A corrective factor betWeen the mass of oxide and
oxygen will be calculated.as follows

Am(Cr,0;) _ An(Cr,0,)-M (Cr,0;),  $AN(G,)-M(Cr,0;) ~ 2 M(Cr,0;) Am
A v A - A ~3-M(0,) A

3)

where An(Cr,0O,) is the variation of molar number of Cr oxide
M (Cr,0O,) is molar mass of Cr oxide: (152 g.mol™)
An(O,) is the variation of molar number of oxygen
M (O,) is the molar mass of oxygen: (32 g.mol™)

Taking (3) into (2), the equation (2) become
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t(cro,)=2MECrO) 1AM _ g0 AM
i 3 M(G,) p(Crs,) A A

(4)

Hence, a mass gain of 1 mg.cm™ corresponds to a chromia thickness of ~6

um. In case of MnCr,0, as oxide scale by 2Cr +Mn+ 20, = MnCr,0O,, the same

calculation was used with the equation as follows:

Am(Crzos) An(MnCr,0O,

(%)

(6)

Where An(MnCr,0,)is the var -‘_‘-_ number of Cr oxide
v - "
An(O,) is thewa 7 k"

M (MnCr,0, )is n

M (O,)is the nmlar mass of oxygen: (32 g.mol™ %I]

. ISR Ying
mﬂ"wﬁ AR e e



Appendix C

Naphthalene formation

C.1 Introduction II,/
While the ferritic st;mless ste subjected to synthetic biogas
er than QOG“Cﬁﬂ'rown flake solid material was

surprisingly observed at t “Outlet|and the end of the reactor tube as shown in

atmospheres at tempera

Figure C.1. Dark brow as a o""--perceived near the heating zone but this

surprising substance ;lon-’[herj"-é rface of stainless steels. However, the

hypothesis is propos u ig possibly hydrocarbon synthesized from
X & 1

biogas reactions.

awwa\aﬂm UR1INYTA Y

Figure C'1: brown solid particles appearing at the end of the reactor tube when ferritic

stainless steels are exposed to synthetic biogas at 900°C during 5 hours

According to literature review [1,2], methane can lead to the formation of
aromatic benzene and naphthalene by the catalytic dehydrocondensation process. The
catalytic conversion of methane can be described as indirect processes relying upon
the production of synthesis gas, either by reforming reaction or by partial oxidation,
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followed by Fischer—Tropsch chemistry. However, this conversion process is
dependent on several factors such as pressure, or the presence of a catalyst.

This aim of this observation is to recognize and avoid this substance which

may appear in some processes using biogas.

C.2 Characterisation Procedure

All solid substance in the tube “was eollected. The X-ray diffraction
spectroscopy (XRD) was..then applied to investigate the types of crystallized
compounds. Cu-Ko was used as the radiation source. The diffraction angle was

available in the range of 6.5¢101°,

C.3 Results and Discussion

The XRD pattern of the substanééfi*_s._presented in Figure C.2. All peaks

corresponding to monoclinic naphthalene (Cﬁ)Hg) were identified.

5000

4000 A

3000 A

2000 A

Intensity (cps)

1000 - ’J}J u

20 40 60 80 100
20

Figure C.2 XRD pattern of the substance appearing during the biogas reaction at
900°C, indexed as the naphthalene.
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According to thermodynamic calculations by Factsage, the naphthalene can be
spontaneously (AG° = -17086.4 J.mol™) transformed from the methane at high

temperature (ca.900°C) with the following reaction:
10CH, (g) < C,oHy(9)+16H,(g) (C.1)

From reaction C.1, naphthalene in'the‘gas phase can form in the reaction tube
at high contents of methane in-the biogas. Observing the temperature along the 1 m
long reaction tube, this.gas species can be condensed-in the lower temperature zone,
due to low boiling (218°C) and.melting point (80.26°C) of naphthalene. In the other
hand, the naphthalene did net appear inl_th’e tube when the reaction occurred without
stainless steels. It is probable that some e],éments such as Fe or Mo in stainless steels

acted as a catalyst for thisfformation. -

C.4 Conclusion "

The formation of naphthalene can _b__;?j(;ccurred in the reaction consisting of
methane and steels at 900°C7d7[1-é to dehydfdgaﬁdensation process. Using biogas or
methane as fuel in SOFC, the operating temperature should lower than 900°C in order
to avoid the existence of naphthalene which lead to the material degradation of

component in the device,

[1] Y. Shu, M. Ichikawa, Catalysistoday, 2001, 71: 55
[2] Y. ShugR: Ohnishi M:Ichikawa, Jicatalysis, 2002,206:1.34
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