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Abstract

Efficient heat recovery and management is critical for the economic and environmental
performance of a micro-CHP system. The cathode air pre-heater (CAPH) plays a pivotal role
in the operation of Solid Oxide Fuel Cell micro-CHP systems as it heats up the inlet air close
to the operating temperature (e.g. 750°C) of the SOFC by utilising the recovered thermal
energy from the high temperature exhaust gas of the SOFC system. The current CAPH stacks,
which are made from high Cr-containing alloys, are still vulnerable to high temperature
corrosion and chromium evaporation, which can have a serious detrimental effect on the
lifetime of the SOFC stack. For this reason, the aim of this study was to perform extensive
corrosion and chromium evaporation measurements on various high temperature alloys and
to implement a material progression for CAPH from chromia-forming alloys to alumina-

forming alloys.

The effect of exposure temperature and water content on the oxidation and Cr evaporation
behaviour of Inconel 625, SS309 and AluChrom 318 was analysed. The findings of this study
showed that Cr evaporation and oxidation rates of Inconel 625 and SS309 were dramatically
reduced when the temperature was reduced from 850 to 650°C. AluChrom 318 also exhibited
a decreased oxidation rate with decreasing temperature but it also demonstrated a reverse
trend in Cr evaporation temperature dependence. The main effect of water vapour on the

alloys exposed to high temperature was to accelerate Cr evaporation.

The corrosion behaviour and Cr retention capability of an aluminised alloy (aluminised
SS309) and an alumina-forming alloy (AluChrom 318) were compared with a conventional
chromia-forming alloy (SS309) in simulated SOFC cathode atmosphere. The SS309 samples

failed the specifications for application as cathode air preheater (CAPH) material due to a



high Cr evaporation rate and massive scale spallation. The surface aluminisation dramatically
decreased the Cr evaporation rate of SS309, but not in the long-term due to breakaway
oxidation induced alumina scale spallation. The AluChrom 318 formed a y-Al203/a-Al;03
layer scale and demonstrated the highest Cr retention ability and oxidation resistance among

the tested alloy samples.

Microstructural analysis was conducted on an AluChrom 318 CAPH stack after 25,000 hours
of industrial operation in simulated SOFC CAPH environment. The results showed a large
amount of Cr.0O3 formation around the exhaust outlet (cold zone) and a high Al oxidation rate
around the exhaust inlet (hot zone). This implied that the as-received AluChrom 318 CAPH
plates did not have sufficient corrosion protection and a good barrier layer to stop Cr
evaporation formed at high temperatures. For material optimisation, pre-treatment of
AluChrom 318 in a high temperature oxidising atmosphere was then prescribed to achieve a
better oxidation resistance and Cr retention capability of CAPH stacks in service. It was
found that pre-treatment applied on the AluChrom 318 developed an a-Al2O3 surface scale
that reduced the Al oxidation rate and reduced the tendency towards formation of a Cr203

layer.
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Chapter 1 — Introduction

1.1 Background of the research

4 4 %

- "

Heat Transport Non-Heat Non-Heat
Domestic & Non-Domestic) (Industry)

Figure 1.1 (a) UK emissions across different sectors in 2016; (b) Primary energy

consumption by sector in the UK in 2017 [1].

Globally, the supply of heat contributes to almost half of the overall CO2 emissions and
energy consumption, but decarbonisation of heat has gained little attention compared to
transport and electricity [2]. In the UK, heat accounted for 37% of the emissions in 2016 and
44% of the energy consumed in 2017 [1], as shown in Figure 1.1. Since 1990, domestic gas
consumption has been growing steadily, primarily owing to the proliferation of installed gas-
fired boilers [3]. The UK government has set a target of 80% reduction in greenhouse gas
(GHG) emissions by 2050, compared with 1990 levels [4]. Cities being the largest source of
GHG emissions, they provide the greatest potential for mitigation of global warming. Thus,
decarbonisation of heat supply to buildings is considered as a fundamental step in achieving
the 2050 target [4]. The challenge in meeting the decarbonisation target is that over 80% of
domestic buildings in the UK would be required to upgrade their heating system by 2050.
This has led the industry and the research community into an increasing desire and interest in

developing more efficient and cleaner heat and power generators. Micro-cogeneration or



micro-combined heat and power (micro-CHP), simultaneously offering heat and power, has
been suggested as a possible alternative to gas-fired boilers for households since the 1990s
[5]. Figure 1.2 compares the energy cost of a packaged combined heat and power (CHP) unit
with the separate means of conventional generation via a power station and boiler. To
generate an equivalent amount of electricity and heat, the traditional boiler and power station
would require 139 units of fuel, while the packaged CHP would yield 28% (39/139) of
primary energy saving [6]. CHPs have been recognised as a proven and well-established
technology that can considerably reduce CO> emissions and meet energy demand for larger-
scale industrial and commercial applications [7]. Thus, the possibility of developing smaller-
scale micro-CHP could be a promising solution to reduce GHG emissions in the residential
building sector [5].

Power station and
distribution losses: 49

Power station

Electricit
fuel input: 79 il
30
.~ CHP fuel
Electricity : .
Building input: 100
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Heat
Boiler fuel
. 45
input: 60 Heat
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fuel input: 139 fuel input: 100

Figure 1.2 Energy savings through employment of a CHP unit as compared to traditional

sources of heat and power generation (displayed in units of energy) [6].



1.2 Micro-combined heat and power generation

Table 1.1 Technical data of four main micro-CHP system designs [8]. Fuel cell systems
inlcude the polymer electrolyte (PEFC) and the solide oxide (SOFC) fuel cell.

Internal combustion engine PEFC SOFC Stirling engine
Electrical efficiency (part
10%, 25% 30%, 26% 45%, 40% 5%, 10%
load, full load)
Overall efficiency (part
80%, 85% 80%, 85% 85%, 90% 80%, 90%
load, full load)
Supplementary thermal
o 86% 86% 86% 86%
system efficiency
Minimum operating set
20% 20% 20% 20%

point (% of rated power)
Minimum up-time (min) 10 60 60 10
Maximum ramp rate (KW.

) 0.2 0.2 0.05 0.2
mint)
Start-up energy
consumption (KWe, KW+n)

0.008, 0.5 0.017,1.6 0.017,2.0 0.008, 0.5

Micro-CHP systems have been developed using different technologies, including Stirling
engines, internal combustion (IC) engines and fuel cells [8], as shown in Table 1.1. A CHP
unit integrated with an IC engine works in a similar way to the vehicle engine. It burns the
fuel (normally compression-ignition diesel or natural gas) which produces motive power [9].
This power is then converted into electricity by an alternator. The waste heat from the
combustion process is captured to produce hot water for domestic use. The electrical
efficiency of an IC-CHP unit is 10 to 25% with a total efficiency of 80 to 85%. The Stirling
engine CHP is also known as external combustion engine where the combustion process is
separated from the working gas. The fuel combustion heats up the fully enclosed working
fluid (normally helium) within the Stirling engine, causing it to expand. As the working fluid
expands, it forces a piston to move up and down between a copper coil, producing electricity.
Since the combustion process is used for providing a continuous heat input to the working
fluid, it is potentially more efficient, quieter and cleaner than IC engines [10]. The overall

efficiency of the Stirling engine based CHP is slightly higher than for the IC based



micro-CHP. However, system electrical efficiency of the Stirling engine based CHP in field
trials has been found to range from 5 to 10%. Fuel cells based CHPs are a new technology
introduced to the residential markets offering simultaneous power and heat generation. A fuel
cell is an electrochemical energy conversion device that directly converts the chemical energy
stored in fuels into heat and electricity via an oxidation — reduction reaction without the
process of combustion. Compared to the heat engine based CHPs, the fuel cell based CHP
unit provides much higher electrical efficiency (Table 1.1). This is because fuel cell based
CHPs are able to convert chemical energy directly to electric energy, maximising their
efficiency. It has been reported that the net electrical efficiency for a fuel cell based system
ranges from 30 to 45% , instead of 10 to 25% as in the case of heat engine-based system [11-
14]. Furthermore, as fuel cell based CHP is able to operate at lower heat-to-power ratios,
excess generation of heat is avoided [11]. Staffell compared the carbon intensity of heat
generated from different CHP technologies: Stirling engines 155 to 200 g/kWh; internal
combustion engines: 70 to 120 g/kWh; and fuel cells: average -110 to 85 g/kWh [2]. It can be
seen that the fuel cell based systems provide the most reduction in CO2 emissions compared
to the heat engine-based CHPs. Thus, there is a strong opportunity for fuel cells to contribute
to low-carbon heat, and reduce air pollution and primary energy consumption [15]. Japan is
recognised as the leading country in the development of fuel cell based micro-CHPs, with the
Ene-Farm project, launched in 2009: the total sales hit the 10,000 mark in April 2012 and
292,654 in December 2018 [14,16]. After Japan, Germany is the second leading country in
fuel cell based micro-CHP area, with the Callux project launched in 2008 [17]. A total 350
fuel cell-based micro-CHP installations were installed between 2008 and 2012 [18]. The
experiences from Callux were shared within a European-wide micro-CHP demonstration

programme called Ene.field, launched in October 2012 [19]. The Ene.field project deployed



more than 1,000 residential fuel cell based micro-CHP installations, across 10 European

countries [14].

There are different kinds of fuel cell technologies available with very different designs, each
suitable for different applications. Therefore, depending on the fuel cell type, the fuel and the
application, the configuration of a fuel cell based micro-CHP system may vary. Of the
technologies currently employed, the most promising fuel cell types for the application in
micro-CHP are the low temperature polymer electrolyte fuel cell (PEFC) and the high
temperature solid oxide fuel cell (SOFC) [11]. The fuel cell stack, which is the most
important and expensive component of the entire micro-CHP system, consists of a multitude
of individual cells (with anode, electrolyte and cathode) electrically interconnected using
metallic plates (bipolar plates for PEFC and interconnects for SOFC) that also distribute fuel
and air to the electrodes. Balance-of-plant (BOP) components and auxiliary equipment (i.e.
inverters, heat exchanger, control unit, power conditioners, sensors, etc.) are also necessary
for the operation of a fuel cell based CHP system. In terms of fuels, hydrogen is considered
as the best fuel for all the fuel cell based micro-CHPs in terms of durability and
electrochemical performance. Nevertheless, due to the difficulties in hydrogen storage and
lack of hydrogen supply infrastructure, natural gas is also recognised as a suitable fuel. By
using the existing natural gas supply network, the fuel cell based micro-CHPs offer an easy
replacement of the installed gas-fired boilers. In the case of natural gas used as fuel, natural
gas must be converted to hydrogen via a fuel processor especially if a PEFC fuel cell stack is

employed.
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Figure 1.3 General flow chart of a PEFC-based micro-CHP unit [5].

1.2.1 PEFC-based micro-CHP

PEFCs are recognised as a very promising technology for adoption as a prime mover in
micro-CHP systems due to various advantages, such as high power density, rapid start-up
(due to low temperature operation) and low pollutant emissions [20]. Real home field trials
by EneFarm of a 0.7 kWe PEFC micro-CHP in Japanese households have illustrated that
annual CO2 emission reductions of up to 750 to 1250 kg per annum are achievable [16]. A
typical PEFC based micro-CHP system generally consists of the PEFC stack, the fuel
processing system, pre-heating sections, the heat recovery loop, and all other auxiliary BOP
components [21]. A general component arrangement of a PEFC based micro-CHP is
presented in Figure 1.3. The fuel cell stack is used to generate electrical power for the micro-
CHP system. Thermal energy is recovered from the fuel cell stack itself, from the reformate
fuel entering the stack and from the burner exhaust before being transferred to heating up
water in a secondary circuit (water loop) connected to the heating system in the building
[14,21]. The operation of PEFC based systems requires high purity hydrogen in order to
avoid the poisoning of electro-catalysts (Pt) by CO generated from the natural gas reforming

process. Therefore, a large reformer is strictly required for the PEFC based micro-CHP. A
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traditional fuel processor within a PEFC based system usually consists of three stages: steam
reforming (SR), water gas shift (WGS) processor, and preferential oxidiser (PROX) [12]. The
SR reactor within a PEFC based micro-CHP has the target to convert the natural gas entering
the micro-CHP into hydrogen-rich steam [8]. The integration of the fuel processing
subsystem, including high temperature water gas shift (HT-WGS), low temperature water gas
shift (LT-WGS), and PROX, is required to reduce the CO content to less than 10 ppm [5,8].
Therefore, the entire fuel processing unit for a PEFC based micro-CHP is relatively large and

complicated with each step requiring precise temperature control and thermal integration [8].
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Figure 1.4 General flow chart of an SOFC-based micro-CHP system [5].

1.2.2 SOFC based micro-CHP

In comparison to PEFCs, SOFCs generally run at much higher temperature of around 500 to
950°C. Because of the high operating temperature, SOFC based CHPs have the highest

electrical efficiency and also provide high-grade heat that can be used within the household
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[2,13]. The slow start-up and shut-down of a SOFC-based system is however problematic,
especially in the case of large scale SOFC operated in the high temperature region (850 to
1000°C) [22]. Thus, the transition from the high temperature operation used in early large-
scale systems into the intermediate temperature (IT) range of 500 to 700°C currently attracts
the most attention for micro-CHP applications [23]. SOFCs are also recognised as a versatile
fuel cell due to the flexibility in fuels. The capability of SOFCs to maintain high efficiency
with hydrocarbon fuels is a main advantage over PEFCs, specifically for micro-CHP
applications [8]. Field trials of a BlueGen 1.5 kW SOFC micro-CHP were carried out by
Elmer et al. [24] at the University of Nottingham to evaluate its economic and emission
performance. The annual assessment results exhibited that the SOFC micro-CHP can provide
cost reductions of 177% and annual CO2 emissions reductions of up to 56% compared to the
base case scenario [24]. Figure 1.4 shows the typical configuration of an SOFC based micro-
CHP. A complete SOFC based micro-CHP system is typically composed of a fuel cell stack,
fuel processing unit, a control system, heat exchange system, and power-conditioning units
[13]. It can be seen that the major difference between SOFC and PEFC system is in the
configuration of the fuel processor. The fuel processor used for SOFC based micro-CHP
usually consists of a desulfuriser and an external pre-reformer and an internal reforming
process. The SOFC based micro-CHPs operated at high temperature are capable of reforming
hydrocarbon fuels internally [8]. However, in order to avoid possible carbon deposition and
excessive thermal stress on the anode materials, an external reformer is required to further
improve the efficiency of the reforming process [13]. Since the by-product CO from the main
reformer can also be used as a fuel in the SOFC system, the cost and size of the fuel
processing subsystem is dramatically reduced in an SOFC based micro-CHP system [5,8].
Thus, it is clear that SOFCs demonstrate an obvious advantage over PEFCs in terms of fuel

processing.



1.3 Cathode air pre-heater

Thermal management plays a pivotal role in the successful application of the fuel cell based
micro-CHP system in terms of practicality, efficiency, and operational flexibility [25].
Appropriate thermal management must be implemented, since some streams require cooling,
while others require heating [5]. Due to the large difference in the operating temperature
between PEFC and SOFC-based systems, the thermal management requirement for each case
is remarkably different. For PEFC, the hydrogen stream leaving the fuel processing unit
requires cooling before entering the fuel cell stack while air enters the cathode at room
temperature [21]. In contrast, pre-heating of air and fuel is necessary for an SOFC stack due
to the requirement for high temperature operation [8]. Thus, both air and fuel pre-heaters are
required for an SOFC based micro-CHP system, as the pre-reformer and the SOFC stack
cannot tolerate the gas supply at low temperatures [5,8,13]. The temperatures of incoming
fuel and air must be raised until they are close to the reaction temperature of the SOFC stack.
To achieve this, counter-current heat exchangers are generally employed to recover the
thermal energy from the afterburner of the SOFC exhaust gases to heat the air flowing to the
cathode and the fuel before pre-forming. According to the actual performance of other
metallic components in the SOFC systems, the operating environment within the cathode air
pre-heater (CAPH) is more corrosive than that in the anode fuel pre-heater due to the high
oxygen partial pressure on the cathode side [26,27]. Therefore, the CAPH, a critical
component in BOP, has stringent material criteria to ensure long-term SOFC operation. It is
common sense that the thermal conductivity of the material from which heat exchange
elements are fabricated must be as high as possible to maximise the heat exchanger
performance [28]. Whilst this is generally true, thermal conductivity cannot be the sole
criterion for the practical material selection of CAPH, as the CAPH stack will be exposed to

an extremely oxidising environment on the cathode side at elevated temperatures for many



years. Due to the high operating temperature and severe environment within the CAPHs
(oxidant and humidity), the materials selected for this application must be robust enough to
ensure reliable, safe and continuous operation of the SOFC based micro-CHP. Suitable
materials researched to date, including ceramic materials and high temperature alloys,
capable of withstanding high operating temperature and thermal cycling. Considering the

operating environment, the CAPH material has to satisfy the following requirements [28-30]:

e Excellent thermal conductivity;

e Low pressure drop;

e Superior high temperature corrosion resistance (metallic material only);
e Low or zero Cr release (metallic material only);

e Sufficient creep resistance at elevated temperature;

e Machinability;

e Weldability (metallic material only);

e Cost effectiveness.

1.3.1 Ceramic materials

Ceramic materials such as silicon nitride, silicon carbide or even hybrid cermet materials
have been considered as candidates for applications like high temperature heat exchangers,
owing to their excellent mechanical and thermal properties [31]. However, each of these
materials requires unique fabrication techniques that could dramatically increase the
manufacturing cost [28]. For this reason, materials like alumina silicate or alumina with less
thermal conductivity but high machinability have been considered as alternative ceramic
materials for the fabrication of the pre-heater. Cérdova et al. recently fabricated a novel

ceramic heat exchanger using alumina-silicate as a CAPH for SOFC application [28]. The
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current design of heat exchangers developed by Coérdova et al. has walls of approximately 5
mm thickness [28], which may result in bulky heat exchanger stacks. In addition, due to their
particular crystalline structure, ceramic materials suffer from poor mechanical resistance and
are difficult to machine, which has inhibited wide spread application. Thus, the (relatively
brittle and expensive to machine) ceramic materials have less advantage compared to the

metal-based CAPH.

1.3.2 Metallic materials

Remarkable progress has been achieved in the reduction of the operating temperature of
SOFCs to 500 to 700°C because of the development of novel electrode materials and the
decrease of the electrolyte thickness [23,32-36]. Furthermore, by lowering the operating
temperature, a wider range of cheap materials can be used, especially in relation to BOPs and
interconnects [8,23]. CAPHs made from metallic materials have received substantial attention
because of their high thermal conductivity, formability, manufacturability and superior
mechanical properties for use in fuel cell technology. Metallic materials permit the design of
ultra-thin CAPH plates decreasing the bulk size and weight of the CAPH stacks while
decreasing the manufacturing cost. Potential high temperature alloys normally contain a high
concentration of Cr to offer oxidation resistance under SOFC environment by producing a
continuous layer of chromia (Cr203) [37]. However, chromia-forming alloys have two main
limitations, namely, a rapid growth rate of Cr.Os scale at elevated temperatures, which
decreases the material lifetime, and evaporation and migration of volatile Cr (V1) species (i.e.
CrOs or CrO2(0OH).), which impacts on the lifetime of the SOFC cells by poisoning of the
cathode [27,38-40]. Alloys forming a silica scale with slow growth rate are also able to offer
superior oxidation resistance at elevated temperatures [41]. Nevertheless, the use of Si as

alloying element is usually restrained by the metallurgical properties of alloys. As the
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toughness and weldability of the Fe- and Ni-based alloys can be reduced by Si addition, the
content of Si in the alloy is normally limited to relatively low levels so that formation of a
continuous silica outer layer cannot be achieved [42]. Alumina-forming alloys are promising
candidates for BOP applications include piping, pumps and heat exchangers, as well as for
other high temperature components without current-conducting function [43]. Alumina-
forming alloys containing a small amount of aluminium (3 to 5 wt.%) exhibit superior high-
temperature oxidation resistance and Cr retention capability by forming an alumina scale with
a low defect concentration. Due to their high stability and oxidation resistance alumina
formers are utilised for a number of high temperature applications such as furnace
components for temperatures up to 1300°C [43]. Alumina grows at a rate slower than
chromia due to its extremely low defect concentration [44]. Furthermore, alumina offers a
significantly higher degree protection than chromia in the presence of steam at high
temperatures. It has been proven that alumina volatility by AI(OH)s formation is not expected
to be an issue below 1300°C for long-term applications [45]. Thus, the utilisation of high-
temperature alloys with alumina as protective layer presents a significant opportunity to allow
compact designs of CAPHs while extending their lifetime and alleviating the SOFC

degradation caused by volatile Cr (V1) species.

1.4 Thesis objective and outline

As the metallic components such as interconnects and BOP play a key role in SOFC systems,
the oxidation and Cr evaporation characteristics of chromia- and alumina-forming alloys have
been extensively studied [29,30,51-54,37,41,43,46-50]. However, the majority of studies
carried out within this field were directed towards the evaluation and optimisation of the Cr
evaporation issue of interconnects, by exploring suitable alloys or by applying coatings.

Limited research was been conducted on the chromia- and alumina-forming alloys for
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minimising the high temperature Cr evaporation and scaling specifically in SOFC CAPHs.
The project HEATSTACK looked into issues of CAPH in SOFC systems, including
manufacturability, structural integrity, and chromium release [55]. As this work was funded
by the HEATSTACK project, the focus of this work was therefore on the selection of high-Cr
alloys that possess a slow oxidation rate and extremely low levels of Cr evaporation, suitable
for the SOFC CAPH application. The aim was to conduct extensive material testing to
achieve a better understanding of the corrosion and Cr evaporation behaviours of various
high-Cr alloys supplied by the HEATSTACK project. Based on the experimental results, the
HEATSTACK project implemented a material transformation for CAPH from chromia-
forming alloys to alumina-forming alloys so as to reduce the chromium leakage. The

following objectives were identified for this study:

I.  To establish a denuder test rig for quantitative analysis of the volatile Cr (V1) species
evaporated from the high-Cr alloys supplied by the HEATSTACK project.

Il.  To develop a better understanding of the influence of temperature (650, 750 and
850°C) and humidity level (1%, 3% and 9%) on the oxidation behaviour and Cr
evaporation in the available high-Cr alloys;

I1l.  To develop a better understanding of the relationship between the alloying elements
and the oxidation behaviour and Cr evaporation in high-Cr alloys exposed to
simulated SOFC environment (850°C, 6.0 L/min air with 3% H20);

IV. To optimise the AluChrom 318 by a pre-treatment to obtain a better performance in
simulated SOFC environment and to have a CAPH material ready for production for

the HEATSTACK project.

Chapter 2 of this thesis reviews the studies that have been carried out on the corrosion
behaviour and Cr evaporation of various high-Cr alloys exposed to high temperatures.
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Chapter 3 presents the experimental methods employed in this study. Chapter 4 investigates
the influence of temperature and water vapour on the corrosion behaviour and Cr evaporation
of various high-Cr alloys. Chapter 5 compares the corrosion resistance and Cr retention
capability of aluminised and alumina-forming alloys in simulated SOFC environment.
Chapter 6 conducts microstructural analysis on the AluChrom 318 CAPH operated for 25,000
hours. Chapter 7 looks at the effect of pre-treatment on the performance of AluChrom 318.
Finally, chapter 8 summarises the findings and conclusions from this work and presents

suggestions for future work.
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Chapter 2 — Literature Review

This chapter provides an introduction to the fundamental principles of metal/alloy oxidation.
Following this, the focus will be shifted to the high temperature oxidation of various
chromia-forming alloys. The role of alloying elements such as Cr, Mn and Si on oxidation of
the chromia-forming alloys is discussed. After that, this chapter elaborates the mechanisms
for the oxidation of alumina-forming alloys from the following four aspects: 1) Al content, 2)
alumina phases, 3) oxidation conditions (temperature and water content), and 4) reactive
elements. Finally, this chapter highlights the formation mechanism of the volatile Cr(VI)
species and their deleterious effect on SOFC cathode materials. Moreover, this chapter
summaries the different techniques used to quantify volatile Cr(\V1) species evaporated from
various alloys. Recent studies on quantifying Cr evaporation from various alloys are also

outlined.
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2.1 Principle of Oxidation

2.1.1 Oxide formation

Alloys are considered to be thermodynamically unstable in most environments. Various
products can be formed on the alloy surface such as oxides [44], carbides [56], chlorides [57]
and sulphides [58] depending on the exposure conditions [59]. One of the key factors
dominating the oxide formation is temperature, as the reaction rate increases with
temperature [60]. For the metallic material used for SOFC cathode air preheater applications,
the corrosion process is generally related to high temperature corrosion in humidified air
which can easily cause material failure. It is well-known that the oxidation resistance of an
alloy strongly depends on the protective and well-adherent oxide scale formed on the surface
of the alloy. The oxidation reaction between a metal (Mt) and oxygen (O) can be presented
as shown in equation 2.1 [61,62]. The feasibility of the chemical reaction at constant
temperature and pressure can be determined based on the second law of the chemical reaction
at constant temperature and pressure can be determined based on the second law of

thermodynamics using Gibbs energy as expressed in equation 2.2.

xMt(s) + > 0,(g) — Mt 0y(s) Equation 2.1
AG = AH —TAS Equation 2.2

Where 4H is the change in enthalpy and AS is the change in entropy. The AG of a reaction is
a measure of the thermodynamic force that makes a reaction occur. If the 4G = 0 the reaction
is in equilibrium, 4G > 0 the reaction is non-spontaneous and if 4G < 0 the reaction is

spontaneous. Thus, the change in Gibb’s free energy for reaction 2.1 is given by equation

AG = AG’ + RTIn (M) Equation 2.3

y
a(Mt)*a(0,)2
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Where AG’ represent the change in free energy for all the species in their standard state (i.e.,
at standard temperature and pressure), T is the temperature, R is the universal gas constant,
and a is the thermodynamic activity of a specific species. The activity of pure solids, in this
case the metal and its oxide, can be approximated as unity. At equilibrium, 4G = 0 and

equation 2.3 can be written as

AG" = —RTln< : y> Equation 2.4

a(0z)2

And if the oxygen activity is approximated as oxygen partial pressure this becomes

pO, = exp (ZA—G) Equation 2.5

YRT

Thus, knowing the Gibbs standard free energy of oxidation at a given temperature, it is easy
to calculate the oxygen partial pressure needed for oxidation reaction to occur. Ellingham and
Richardson constructed a diagram to represent the correlation between standard free energies
of formation of oxides and temperature, as shown in Figure 2.1. These diagrams are usually
knows as Ellingham/Richardson diagrams and allow the oxygen pressure for oxide formation
at any required temperature to be determined directly. This can be done by aligning the point
O at the upper left of the diagram with the reaction and temperature of interest, and reading
off the pressure on the scale on the right of the diagram. The Ellingham diagram defines the
oxidation process using basic thermodynamic criterion. It simply tells whether a metal can be
oxidized or not at a particular temperature and at a given pressure of oxygen [63]. In
considering the oxidation of an alloy it is also useful to decide which components oxidise
preferentially. This may be determined by comparing the free energies of oxide formation;
the oxide with the most negative free energy of formation forms preferentially [64]. The
Ellingham/Richardson diagram can also be used for comparison between the stability of
different metals and oxides. The lower line is in the diagram the more stable is the oxide and

consequently a metal is more stable the higher its line is in the diagram. It is clear from the

17



diagram that elements like aluminium, silicon and chromium that are near the bottom for unit
activity of the metal, the oxides of these metals are more stable than the oxides of the

elements above.
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Figure 2.1 Ellingham/Richardson diagram illustrating the formation of stable oxide for a
given metal at a given temperature and oxygen partial pressure, taken from [65,66].
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The oxidation process of a metal involves two steps. In the first step, the clean metal surface
is exposed to an oxidising and high temperature environment with gas molecules such as H.O
or O,. The oxygen molecule (O>) dissociates into oxygen atoms (O) and then adsorbs on the
metal surface. During the second step, the adsorbed oxygen atoms start to reduce and attract
electrons to form oxide nuclei on the surface of the metal. The individual oxide nuclei on the
metal surface continuously grow and connect to each other until the entire metal surface is
covered with an oxide film [67]. The oxygen adsorption and the initial oxide formation are
determined by several factors such as crystal defects, temperature and surface preparation.
The oxide film established in the second step serves as a diffusion barrier and separates the
metal from the oxidising environment. For further oxidation of the metal in prolonged
exposure, the oxygen or metal ions have to diffuse through the oxide layer by solid-state
diffusion. Either the oxygen ions have to be transported through the oxide film to the
metal/oxide interface or the metal ions have to diffuse through the oxide layer to the
oxide/gas interface, depending on which ions (metal or oxygen ions) dominate the solid-state
diffusion process through the oxide layer. Birks et al. [61] distinguished the growth of an
oxide scale by anion migration and cation migration (Figure 2.2). Anion migration results in
the oxide formation at the metal-oxide interface whereas cation migration results in the oxide
formation at the oxide-gas interface as exhibited in Figure 2.2. In a thin oxide scale, the
driving force for ion diffusion is the electric field across the oxide, while the gradient in the
chemical potential is the driving force for ion transport in compact and thick oxide layers.
Oxidation of alloys involves the same steps as described above for pure metals. For pure
metals, for example when iron oxidises in air at a temperature above 570°C, it develops an
oxide scale consisting of layers of FeO (Wustite), FesO4 (magnetite), and Fe>Os (hematite)
and, thus, offers a good example of the formation of multi-layered scales. Under a wide range

of temperatures, nickel produces only one oxide, NiO, by the outward diffusion of electrons
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and cations forming a single phase scale. Chromium also forms one oxide, Cr203, by outward
diffusion of Cr®* and therefore a single-layered scale with single phase is expected when pure
chromium is oxidised. However, volatile species such as CrOs can form at elevated
temperatures, causing scale thinning. For aluminium, the only thermodynamically stable
oxide is a-Al2Os where scale growth is controlled by inward anion transport. However, a
number of metastable aluminas such as y-Al203, 6-Al203, and 0-Al,03 sometimes form by

cation outward diffusion on high-temperature alloys before the stable a-Al>O3 forms.
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Figure 2.2 Diffusion mechanism and interfacial reactions for high temperature alloy
oxidation: (a) cation migration and (b) anion migration.
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Figure 2.3 A schematic showing an individual vacancy and interstitial defect in a single
component crystal lattice.
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2.1.2 Defects and diffusion

Considering the schematic of the inward and outward oxide growth processes exhibited in
Figure 2.2, the inward or outward diffusion of neutral atoms or electrons and ions through the
oxide film is the only way to continue the oxidation reaction since the oxide scale formed on
the metal surface separates the metal from the oxidising environment. Solid-state diffusion
involves the movement of individual particles (atoms or ions) that constitute the material.
These particles are capable of movement because they vibrate around their mean positions,
and due to the existence of defects in the solid crystal an occasional vibration could extend
into a transmission to an available nearby lattice. Two common defects are illustrated in
Figure 2.3 for the case of a pure, single component solid: a vacancy, or unoccupied lattice site,
and an interstitial atom, i.e., one located between normal lattice sites. To understand why
cation or anion transfer is predominant one must consider the type of defects existing in the
oxide crystals. The oxide crystals consist of ordered arrays of oxygen anions and metal
cations. Nevertheless, because of entropic forces, crystals have different types of defects
depending on the properties of the elements they are made of. The defect structure of an
oxide crystal strongly depends on oxygen partial pressure, temperature, and the energy of
formation for a specific defect in the lattice. The defect type decides which type of diffusion
mechanism will be predominant. Like semiconductors, oxides are divided into p- or n-type
depending on the transport mechanism of electrical charge, as shown in Figure 2.4. n-type
oxides carry electrical charges by electrons in the conduction band and p-type oxides by

electron holes in the valence band.
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Figure 2.4 Schematic of oxidation controlled by diffusion. Metal excess or vacancy leads to
oxide growth at the oxide/gas interface. Oxygen excess or vacancies results in oxide growth

at the metal/oxide interface [68].

n-type oxide semiconductors can be classified into two categories, i.e. oxygen deficient or
excess metal but can also be a combination of both. Metal excess oxides have interstitial
cations in the lattice that are compensated for by an equal charge of electrons in the
conduction band. Cations can therefore be conducted via the lattice by changing interstitial
sites. n-type oxides can also exist as oxygen vacancies leading to positive charges, that also
are compensated for by electrons in the conduction band. ZnO is a typical n-type cation-
excess semiconductor, i.e., having interstitial Zn ions and electrons within the conduction
band. p-type oxide semiconductors can have excess oxygen or metal deficit resulting in
negative charges that are compensated for by electron holes in the valence band. Excess ions,
i.e. interstitial ions, can transport through the oxide by changing interstitial sites. lon
vacancies can also diffuse in the lattice resulting in conduction of the vacant ion species. NiO
has been concluded to be a metal deficient p-type semiconductor, with nickel vacancies as the

predominating defects [69].
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The high-temperature oxidation of Ni at temperatures above 1100°C follows a parabolic rate
law. The oxidation rate is governed by outward lattice diffusion of Ni via singly or doubly
charged Ni vacancies [69]. However, at intermediate temperature, the growth rate predicted
from lattice diffusion and the Wagner theory is usually several orders of magnitude slower
than is actually observed (e.g. NiO, Fe3Os, Cr203, and Al2O3). This can be explained by
short-circuit diffusion. The term ‘short-circuit diffusion’ always embraces diffusion of metal
or oxygen ions via extended defects in the oxide scale rather than through the crystal lattice in
the bulk scale, so that it includes diffusion along dislocations, grain boundaries, cracks and
other features such as interconnected porosity [70]. Previously, the rates of growth of NiO,
ZrO», Cr,0z3 and Al20s scales were all believed to be influenced by short-circuit diffusion of
some kind or other. The evidence for the participation of the short-circuit process was,
however, of qualitative nature. For example, the rate of growth of the scale is observed to be

much faster than expected from measured bulk diffusion coefficients.

Grain boundary diffusion is often more important than lattice diffusion at low temperature
(500 to 1000°C) [70]. A principal reason for this is the lower activation energy of the
boundary process, corresponding to the more disordered structure in the boundaries. The
experiments performed by Atkinson et al. have shown that the oxidation of nickel is
controlled by the diffusion of nickel along grain boundaries for temperatures below about
1100°C [70]. The measurement of transport in a growing Cr.Osz scale, using °0/*8O-
exchange measurements, indicated that growth was primarily by Cr ions moving outward
along grain boundaries [71]. Extensive studies of AlOs reviewed that the metastable
aluminas grow primarily by outward diffusion of cations, while a-Al2O3 grows mainly by
inward migration of oxygen ions along oxide grain boundaries [72]. The protection afforded

by the Al>O3 scales arises from the sluggish diffusion kinetics of both O and Al; lattice
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diffusion is so slow that scale formation kinetics are dominated by grain boundary diffusion
[73]. Heuer et al. [74] stated that the growth of Al,O3 scales occurs entirely by grain
boundary diffusion, and is particularly interesting for NiCrAl and FeCrAl alloys lacking
reactive element addition, where simultaneous inward diffusion of O and outward diffusion
of Al is known to occur [74]. Because a-AlOs does not measurably deviate from
stoichiometry, its native defect concentration is extremely low and self-diffusion is very slow

[44].

2.1.3 Oxidation Kkinetics

The mass change measurement is the most common method to investigate the oxidation rate
and predict lifetime of an alloy. Based on the experimental data, the oxidation rate can be
presented in three common growth mechanisms, namely, linear law, parabolic law and

logarithmic law [61], as shown in Figure 2.5:

linear

parabolic

Mass gain

logarithmic

Time

Figure 2.5 The oxidation kinetics of three common growth mechanisms.
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The reaction rate of the linear mechanism stays constant in time and is independent of metal
consumption and oxygen intake. The linear oxidation mechanism is generally detected under
the condition where a phase boundary process (oxygen atom absorption) is the rate-
determining step for the reaction [61]. This always occurs during the initial stage of the
oxidation process when the clean metal surface is directly exposed to an oxidising
environment. Under this condition, the diffusion through the scale is very fast and cannot be
the rate controlling step because the initial scale formed is very thin. The oxide scale shows
no barrier effect when the linear law is dominant in the mass gain curve. The linear Kinetics
can be described as in equation 2.6:

x =kqt Equation 2.6

where k1 is the linear rate constant (cm/s), x is the thickness of the oxide scale in cm, and t is

the exposure time in s.

It was mentioned above that constant rate kinetics are usually detected with thin scales.
However, when the oxidation of a metal or alloy proceeds at a constant rate the scale
thickness increases. Therefore, the oxidation reaction rate must be equivalent to the diffusion
rate of ions across the scale. However, with a further increase in the scale thickness, the
migration of ions across the oxide layer eventually becomes slower than the constant phase
boundary reaction rate and turns into the rate-controlling process [61]. The oxidation rate
then decreases with time according to a parabolic rate law. It is, therefore, possible for the
growth of a scale to be controlled by a phase boundary reaction in the early stage and by solid
state diffusion in the later. The basic assumption of parabolic oxidation behaviour is that the
diffusion of metal ions, oxygen ions or electrons through the oxide layer is the rate-
determining process [61]. The parabolic mechanism displays a reaction rate which is

inversely proportional to the square root of time, and can be described as in equation 2.7:
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x? =2k't Equation 2.7

where &’ with the unit of cm?s™ represents the scaling constant, and the square of oxide scale
thickness x is proportional to the exposure time t. The detected kinetics of this rate decreases
with time according to a parabolic rate law due to the increased diffusion path (scale
thickness). The parabolic law is the optimal oxidation behaviour for alloys since the surface

oxide scale growth is slow and so is unlikely to spall.

The logarithmic mechanism represents a typical oxidation behaviour of a number of alloys
exposed at low temperatures (normally below 300 to 400°C) [61] and the oxide scale formed
usually has an extremely low thickness [75]. As can be seen in Figure 2.5, the reaction rate is
fast initially and then dramatically drops down to a very low level. The rate-determining step
of the oxidation process following the logarithmic law can be potentially explained by the
ions or electrons diffusing due to an electric field across the oxide scale [61]. The logarithmic
Kinetics can be described as in equations 2.8 and 2.9:

Direct log law: x = kj4log(t + t5) + A Equation 2.8
Inverse log law: % =B — k;log(t) Equation 2.9

where k, ki, A, B and t are constant in isothermal condition.

2.1.4 Selective oxidation

The oxidation process of an alloy is more complicated than that for the pure metals due to the
multiple elements present in alloys. It is worth noting that the type of oxide formed on the
surface depends on the relative proportion among the alloying elements, their affinity to
oxygen and their potential to diffuse [76,77]. Different metal oxides possess different growth

rates in the same oxidising environment, meaning that the element with the most negative
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free energy always overgrows the others. An alloy needs to produce a continuous oxide scale
to cover the entire surface via external oxidation in order to obtain effective oxidation
resistance. However, the internal oxidation of alloys, which has a detrimental effect on the
oxidation protection, generally occurs by the inward oxygen diffusion into an alloy to form
the sub-surface precipitates [78]. Therefore, the formation of a compact oxide scale with a

low diffusion rate is necessary for the alloys to acquire effective oxidation resistance.

The protective property of an alloy is offered by the selective oxidation of high concentration
alloy elements presented in the alloy such as Al, Cr, or Si which preferentially oxidise to the
parent element and produce a continuous scale on the alloy surface [79]. From a
thermodynamics perspective, a higher oxygen affinity is necessary for the desired oxides in
comparison with other elements in the alloy. From Kkinetics perspective, a relatively slow
growth rate is expected from the desired oxide scale. Selective oxidation can be affected by
various factors, such as the oxygen partial pressure, temperature and concentration of active
element in the alloy. Selective oxidation allows the design of a high temperature alloy to have
more than one alloying element so as to improve the resistance to high temperature corrosion.
Based on thermodynamic theory, the order of Fe-Cr-Al-Si-Mn alloy oxidation products is:
Al;0O3 > SiO2 > MnO > Cr203 > Fez04 > Fe20s, indicating the affinity between oxygen and
the elements. However, the final oxidation behaviour is also related to the content of alloy
elements and kinetics [79]. During the initial stage of the oxidation process, all the elements
presented in the alloy will oxidise and the elemental composition of the formed oxide scale
during the initial phase will be same as that present in the alloy. The formation of these
transient oxides during the initial stage will lead to a decrease in the oxygen activity at the
metal/oxide interface, thereby allowing the continuous growth of the more stable oxide. The

ability of the alloy to maintain this stable oxide scale in the long-term relies on its element
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reservoir and its ionic diffusion rate for further oxidation. However, certain alloying elements
such as aluminium, that improve the oxidation resistance, always show a negative effect on
other alloy properties, especially mechanical strength, if the concentration exceeds a critical
limit [72]. Thus, in this case, the concentration of the added elements should be controlled

within the appropriate range in order to achieve the optimum performance for the alloy.

As mentioned before, aluminium, chromium and silicon are three common additive elements
that form protective layers on the surface of an alloy because their oxides (alumina, chromia
and silica) show the lowest diffusion rate of ions [60]. It is well known that iron-, nickel-, and
cobalt-based alloys are the most commercial heat resistant alloys. High temperature alloys
usually form two or more oxides on the surface, and the oxides exhibit a great difference in
their stability. Elements such as nickel, iron or cobalt present in the alloy can produce a
moderately stable oxide, while elements such as aluminium, chromium and silicon can form a
highly stable oxide in high temperature environment. Many high-temperature alloys are
designed to form a protective Cr.Oz scale. However, the volatility of chromia in a humidified
environment at high temperature has restrained the use of chromia-forming alloys in SOFC.
The alumina scale usually offers effective protection to the alloy due to its chemical inertness,
great adherence and much slower growth rate compared to other oxides. Opila et al. [80] has
proven that alumina volatility by AI(OH)z formation is not expected to be an issue below
1300°C for long-term applications. Generally, silica is not employed as protective scale for

structural alloys since Si tends to embrittle most alloys.
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2.2 Oxidation of chromia-forming alloys

2.2.1 Effect of Cr content

High-Cr alloys usually provide corrosion resistance by producing a continuous Cr.Oz layer.
Concerning Fe- and Ni-based alloy, it was suggested that the critical minimum Cr content to
ensure the formation of a protective, continuous Cr203 scale is approximately 20-25 wt.%
chromium. A model binary alloy of Fe-28Cr formed an external scale of Cr.Os alone when
reacted with oxygen at 900°C [42]. However, when the alloy chromium content was too low,
this protective layer did not form. A model alloy of Fe-7.5Cr reacted with oxygen at 850°C to
form a fast growing, iron-rich scale [42]. It should be noted that alloys with low Cr content
have also been tested as interconnects in SOFC applications. However, the corrosion
resistance was dramatically reduced under high temperatures when the Cr content was low in
the alloy [81]. Geng et al. [38] studied the corrosion behaviour of a Fe-Co-Ni base alloy,
containing 6 wt.% Cr, at 800°C in air for 12 weeks and found that a double-layered structure
with a Cr-free spinel outer layer and a thin Cr2Os inner layer was formed on the alloy surface.
However, the initial oxidation rate of this low chromium Fe-Co-Ni alloy was found to be
much higher than that of Crofer 22 APU with 22 wt.% of Cr. Yang et al. [82] tested the effect
of Cr content on the oxidation performance of three commercial Ni-Cr-base alloys (Haynes
230: 22 wt.%Cr, Hastelloy S: 16 wt.%Cr, and Haynes 242: 12 wt.%Cr) in moist air at high
temperature. The results they obtained showed that Hastelloy S and Haynes 230 with
relatively high concentration of Cr formed a thin scale mainly consisting of Cr.Os and
(Mn,Cr,Ni)304. This duplex scale offered excellent corrosion resistance. While Hyanes 242
developed a thick duplex scale comprised of a NiO outer layer over a chromia-rich inner
layer, indicating limited corrosion resistance in the cathode environment of SOFC. The

formation of a NiO top layer over a mixed Cr.03/(Mn,Cr,Ni)3O4 inner layer on Haynes 242
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was also detected by Liu and Zhu [83] after exposing the sample at 800 °C in air for 1000
hours. Zhu et al. [84] investigated the oxidation behaviour of two low-Cr alloys, namely
Thermo-Span (5.5 wt.% Cr) and HRA 929C (2.0 wt.% Cr), and it was observed that a
double-layered CoFe>04/Cr.03 was formed on the Thermo-Span surface after three weeks of
thermal exposure at 800°C in air, while only a single CoFe2O4 spinel layer formed on HRA
929C. Obviously, the corrosion resistance of these two low-Cr alloys was not acceptable for
SOFC applications since the weight gains increased linearly with exposure time, which was

much higher than the weight gain of Crofer 22 APU as reference sample.

In addition to the formation of a continuous Cr20s scale , this critical quantity of chromium is
also necessary to prevent the spallation of the oxide scale and minimise internal oxidation due
to the exhaustion of the chromium reservoir at the sub-surface [72]. Cheng et al. [85] studied
the isothermal oxidation behaviour of three ferritic stainless steels, 430 (Cr: 16.2 wt.%, Mn:
0.4 wt.%), 443 (Cr: 21 wt.%, Mn: <0.1 wt.%) and 445 (Cr: 21.5 wt.%, Mn: 0.15 wt.%) at
1150°C in humid air. The breakaway oxidation of these three alloys occurred rapidly for 430
and 443 or slowly for 445 during the test duration. For stainless steels, reaching the
breakaway oxidation point implied the loss of the protective Cr.O3 scale with continuous and
fast growth of non-protective Fe>Os/FesO4. XRD confirmed that the surface oxide of the 430
and 443 steels were primarily Fe>Os, while a Cr203/(Cr,Mn)304 multi-layer scale was
detected on the 445 steel. The authors stated that the chemical failure of 430 was caused by a
chromium concentration gradient across the specimen section that was below what was
needed to generate a protective chromia layer. Yu et al. [86] investigated the corrosion
behaviour of an austenitic stainless steel (Fe-20Ni-14.9Cr-1.54Mn) in O2+10% H-O at 800°C.
The breakaway oxidation took place after only 15 hours exposure. A multi-layer scale of

steel/(Cr,Fe).0s/Mn(Fe,Cr).04 was formed on the steel surface in the initial oxidation, and
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then turned into steel/ Ni(Fe,Cr)204/Fe2O3 due to Cr depletion in further oxidation.
Continuous transport of Fe into the Cr.O3 scale can lead to the linear growth of a porous
Fe2O3 external scale that is prone to thickening [85,87,88]. For CAPH application, thickening
of the external Fe-rich oxide will have negative influence on the heat transfer across heat
exchanger plates and will behave as a thermal barrier coating [89]. The magnitude of the
thermal insulating effect of the thick Fe-rich oxide has been studied by Ennis and Quadakkers
[90]. Figure 2.6 shows the correlation between the oxide scale thicknesses on the inside
surface a tube and the increase in the tube temperature resulting from the thermal insulation
effect of the oxide. It was found that the thermal insulation effect of a thick oxide scale which
decrease the heat transfer across the component can lead to overheating of material. A small
increase in the operating temperature of the component will dramatically reduce the stress

rupture life [90].
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Figure 2.6 The influence of oxide scale on the temperature increase across a heated tube wall

for different power ratings [90].

2.2.2 Effect of Mn content

As mentioned before, during the operation of SOFC, the CAPH will face an oxidising

environment with the presence of water vapour. The chromia-forming alloy is susceptible to
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chromium leakage by reacting with oxygen and/or steam to produce the volatile chromium
species (CrO2(OH). or CrOs). An alternative way for reducing Cr evaporation is to develop
new alloys by modifying the composition of the conventional Ni- or Fe-based stainless steels.
The addition of a small amount of Mn facilitates the formation of a (Mn,Cr)304 spinel scale
on the top of an inner Cr203 or Cr.Os-rich scale. Mn is considered to be soluble in Cr203, up
to a limit of 1.6% of the cation site at 1000°C [91]. Cox et al. [92] showed that Mn?* diffuses
faster than Cr®" in a Cr.Os lattice. This faster diffusion of Mn?* led to the rapid growth of a
fine, continuous chromia matrix during the early stage of oxidation. The formation of

MnCr204 can be understood from the following reactions [44]:

2Cr + 202 = (1,05 Equation 2.10
Mn+ Cry03 + 50, = MnCry0, Equation 2.11

The formation of this (Mn,Cr)304 spinel scale is highly desirable and has been widely
researched for SOFC application with humid air environment (cathode) as it can dramatically
decrease the oxidation and Cr evaporation rates compared to the pure chromia scale. This is
due to the lower partial pressure of Cr in (Mn,Cr)304 spinel than that for the pure Cr.03 [38].
Some new high-temperature alloys such as Sanergy [93], Crofer 22 APU [94] or ZMG232
[95] provide enhanced corrosion resistance due to the formation of a (Mn,Cr)3O4 spinel at
elevated temperatures. Yang et al. [96] showed the formation of a layered oxide scale
comprised of a Cr.Oz-rich sublayer and a (Mn,Cr)304 spinel top layer on Crofer 22 APU after
oxidation at 800°C for 1200 hours in air, as shown in Figure 2.7. Figure 2.8 schematically
shows the morphology of scales formed on Ni-based alloys at high temperature, which
usually consist of an outer layer of essentially Cr2O3, with some MnCr.04 and traces of Ni
[89]. England et al. [97,98] studied the oxidation Kinetics of thin foils of Haynes 230 in

humidified hydrogen and air at temperatures between 700 and 1000°C for up to 10,000 hours.
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It was found that Cr,O3 and MnCr20s were formed in both atmospheres following the

parabolic law.
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Figure 2.7 SEM cross-section and EDX line scan of Crofer 22 APU after oxidation in air for
1200 hours at 800°C [96].

(Mn,Ni)Cr,0,/Cr,0, Voids in outer layer

7B LAY oY) A ATITANY,

/
Z/ ,'\\

Internal precipitates,  Internal attack along grain
typ. Al,O,, ZIN boundaries: typ. Al,O,, SiO,

//

Figure 2.8 Schematic of oxide structures formed on Ni-based alloys oxidised in humid

environment [89].
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Figure 2.9 SEM cross-section of (a) Crofer 22 APU, (b) Corfer 22 H, (c) Sanergy HT, (d)
ZMG232 and (e) E-Brite after oxidation in 3% H20 humidified air at 850°C for 1000 hours.
In the figure: (i) Ni coating; (ii) (Cr,Mn)304 spinel; (iii) Cr20s, (iv) internal Ti-oxide and (v)
Laves phase [99].

The content of Mn in the alloy has a remarkable influence on the protective property of the
formed spinel scale. Smaller amounts of Mn would result in lower reductions in chromia
activity, but would still be beneficial. Too much Mn can be detrimental from an oxidation
and physical property point of view. Sachitanand et al. [99] examined the oxide system
formed on five Fe-Cr alloys with different Mn content: E-Brite (Mn: 0.08 wt.%), ZMG232
G10 (Mn: 0.28 wt.%), Sanergy HT (Mn: 0.3 wt.%), Crofer 22 H (Mn: 0.42 wt.%), and Crofer
22 APU (Mn: 0.48 wt.%) at 850°C in simulated SOFC cathode conditions (6.0 L/min air + 3
vol% H>0). The authors found that all studied alloys developed an inner Cr2O3 scale and an
outer (Cr,Mn)304 spinel scale, as shown in Figure 2.9. However, the outer spinel scale
formed on E-brite was thin and discontinuous due to an insufficient supply of Mn, leading to
high Cr evaporation and severe corrosion. They stated that a higher concentration of Mn in
the alloy led to a thicker and more Mn-rich spinel scale which could effectively reduce the
oxidation and Cr evaporation rate. Hua et al. [100] studied the oxidation behaviour of four

Fe-17Cr alloys with Mn concentrations of 0.0, 0.5, 1.0 and 3.0 wt.% at 750°C for 700 hours
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in dry air. They found that the corrosion rate and scale thickness of the Fe-17Cr-xMn alloys
increased with the content of Mn in the alloy. The oxide scales formed on the alloys with
different content of Mn are shown in Figure 2.10. The results indicated that a single pure
Cr203 layer formed on the Fe-Cr-OMn alloy; a double-layered scale comprised of an outer
(Mn,Cr)304 and an inner Cr.O3 scale developed on the Fe-Cr-0.5Mn alloy; a triple layered
oxide scale with (Mn,Cr)304 between the inner Cr.O3 and outer Mn.O3 formed on the Fe-Cr-
1.0Mn alloy; a duplex oxide scale with Mn2O3 on top of (Mn,Cr)304 formed on the surface of
Fe-Cr-3.0Mn alloy. With further increase of Mn content, Mn-rich oxides, such as Mn,O3 and
Mn30s, form on the outermost surface of the Fe—Cr alloys, resulting in a higher oxidation rate
and oxide scale spallation, as reported by Stott et al. [101] and Marasco and Young [102].
These results suggest that the oxidation behaviour and scale microstructure were sensitive to
the Mn content in the alloys. Cheng et al. [85] stated that alloys containing 0.3 to 0.5 wt.% of
Mn form a compact and well-adherent (Cr,Mn)3O4 spinel outer layer on top of the Cr20s
layer at 800 and 850°C, and that the Cr evaporation rate was 2 to 3 times lower than with

those stainless steels that developed a discontinuous (Cr,Mn)304 layer or pure Cr203 scale.
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Figure 2.10 SEM cross-section images of the Fe-Cr-xMn alloys: (a) 0.0 Mn, (b) 0.5 Mn, (c)
1.0 Mn and (d) 3.0 Mn oxidised in air for 100 hours at 750°C [100].

2.2.3 Effect of Si content

The majority of Fe-Cr alloys capable of developing a chromia scale as protective scale
usually contain a small amount of Si. The SiO2 layer that forms on the Fe-Cr alloys during
high temperature exposure generally has long range atomic disorder and is amorphous [103].
The amorphous SiO2 precipitates usually lack grain boundaries and have a low density of
defects [104]. The combination of these two features contributes significantly to impede the
outward diffusion rate of the oxide forming elements via the inner SiO> scale, thereby leading

to a decrease in the overall corrosion rate. It has been proven that the addition of Si can
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effectively reduce the parabolic rate constant during high temperature oxidation as it forms a
silica (SiO2) barrier layer beneath the Cr.O3 scale [105-109]. Mahboubi et al. [110] studied
the oxidation behaviour of Type 319 and Type 310 alloys in a flowing ambient pressure (0.1
MPa) air-10% H,O mixture at 800°C. They found that a high Si concentration (5.9 wt.%) in
the Type 309 alloy led to a lower mass loss and parabolic rate constant during wet oxidation
by producing a continuous SiO- layer at the scale/metal interface compared to the low-Si
Type 310 stainless steel. SiO> usually forms at the scale/metal interface by oxygen anion
inward diffusion due to the relatively slow diffusion rate of Si in alloys. Depending on the
exposure condition and Si content, the SiO2 can form as either a continuous layer [110]
(Figure 2.11a) or a non-continuous layer (precipitates) [111] (Figure 2.11b) at the scale/metal
interface. It has been argued that the microstructure of the SiOz inner scale plays a pivotal
role in offering corrosion protection, with a continuous layer serving to decrease the outer
diffusion rate of metal cations to a greater extent than a non-continuous SiO> layer [112]. If
the steel contains Si in amounts greater than 0.5 wt.%, insulating, continuous, or network-like
films of silica also grow under the chromia-rich scale. However, the establishment of a
continuous SiO2 layer has been considered to be detrimental to corrosion resistance by
triggering scale spallation. Proposed reasons include a large Pilling-Bedworth ratio of 2.15
for SiO2, one would expect considerable stresses to be developed which could cause the
oxide to crack or spall [106,113]. Furthermore, the thermal expansion coefficient of SiO; is
much lower than that of Cr20s3, resulting again in a tendency for scale spallation of multi-
layered scales exposed to thermal cycling [104]. Sachitanand et al. [99] attributed the poor
adhesion of the duplex Cr.03/(Cr,Mn)304 scale formed on E-Brite surfaces to the formation

of a low TEC silica layer after exposure in humidified air at 850°C for 1000 hours.
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Figure 2.11 (a) Cross-section SEM image of the thin oxide scale for the B445JIM steel
oxidised at 1200°C for 2 hours in air with the EDS element map of Si [110]; (b) BF-STEM
cross-section of the oxide scale formed on Type 310 after exposure in 0.1 MPa air + 10%
H>0 at 800°C for 500 hours with the STEM-EDS element map of Si [111].

2.3 Oxidation of alumina-forming alloys

2.3.1 Fe-Cr-Al based alloys

Alloys with more than 15% of chromium and a critical minimum of 3% aluminium content
are defined as alumina formers [37]. The excellent barrier effect from alumina-forming alloys
is attributed to the formation of a highly protective and slowly growing a-Al2O3 outer layer
[114,115]. Alumina-forming alloys have been employed to establish interconnect
components in SOFC stacks in which the insulating Al>O3 layer does not lie in the current
path, such as sealing materials [116]. For the BOP components in SOFC, alumina-forming
alloys have been recognised as promising materials for pumps, casting, piping and heat
exchangers [29,117-119]. Jonsson et al. [120] concluded that the formation of the adherent
alumina layer during exposure offered great resistance to corrosion attack in most aggressive
environments and provided advantages in comparison with chromia-forming alloys in terms
of maximum working life and temperature. Furthermore, alumina is more stable than chromia

and does not suffer from evaporation at higher temperature such as chromia does [45].
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Additionally, the alumina-forming alloys possess a stronger intrinsic adherence between the
scale and bulk matrix than the chromia formers, and thus demonstrate better spall-off
resistance under thermal cycling. The effect of alloying elements in Fe—Cr—Al alloys has been
studied by Tomaszewicz and Wallwork [121], who claimed that Al is the most effective
alloying element in terms of reduction of oxidation rate. The weight gains were lowest for
aluminium contents greater than 3 wt.% due to the formation of an external protective
alumina scale. At lower Al content in the alloy, Al.O3 mixed with Fe- and Cr-rich oxide scale
were observed [122]. Thus, to provide excellent oxidation resistance by producing an external
and continuous alumina scale, the critical minimum level of aluminium in the alloy has to be
over 3 wt.% [114,123]. Furthermore, a high Cr content is also required in order to enable the
formation of an alumina scale with such low Al content in the alloy. The oxide map in Figure
2.12 demonstrates that alloys containing more than 20 wt.% of Cr need only 2 wt.% to 3 wt.%
of Al to develop an a-Al>Oz coating. In addition, for alloys with sufficient aluminium content,
chromium is not crucial to oxidation resistance, but a minimum amount of 15% is still needed

to maintain the mechanical properties and inhibit corrosion [37].
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Figure 2.12 Oxide map for Fe-Cr-Al ternaries at temperature greater than 1000°C [44].
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2.3.1.1 FeCrAl alloy with low Al content

Liu et al. [114] compared the oxidation behaviour of six FeCrAl alloys with different Al
content ranging from 0 wt.% to 4 wt.% in air at 1050°C. Their results showed that all the 4
wt.% Al alloys with 14 wt.%, 16 wt.% and 18 wt.% of Cr developed a uniform and smooth
Al>O3 scale, however, the 2 wt.% Al alloys with 11 wt.% and 16 wt.% of Cr formed a
discontinuous Al2O3 scale mixed with some Cr- and Fe-rich oxides in the scale. Therefore,
the author concluded that the content of chromium and aluminium had to be greater than 14
wt.% and 2 wt.%, respectively, in order to form a compact Al>O3 scale with good adherence.
In another study by Liu et al. [124], the oxidation behaviour of a Fe-14Cr alloy with different
Al content of 0, 1.5, 3, and 4.5 wt.% was investigated. The Fe-14Cr-0Al formed a 300 um
Fe-Cr-O complex oxide with severe scale spallation after only 6 hours of oxidation. For Fe-
14Cr-1.5Al, the oxide scale was mainly made of a 12 um Cr203 scale with a certain amount
of Al and Fe after 6 hours oxidation. With the content of Al increased to 3 wt.%, a uniform
and smooth oxide scale of 3 pm comprised of Cr203 and Al>O3 was established on the surface
after 6 hours oxidation. However, a much thicker scale (8 pm) dominated by Al>Os formed
on the Fe-14Cr-3.0Al alloy surface after the oxidation time increased to 200 hours. A
homogeneous Al,O3 scale with a low thickness of 3 um developed on the Fe-14Cr-4.5Al
alloy after only 6 hours oxidation. It is interesting to note that the thickness of this alumina
scale on the Fe-14Cr-4.5A1 alloy only slightly increased from 3 to 4 um with the exposure
time increasing from 6 to 200 hours. Therefore, the author stated that the content of Al should
not be lower than 4.5 wt.% in order to achieve a continuous and compact Al,Os scale on the
Fe-14Cr alloy. Kvernes et al. [125] studied the oxidation behaviour of Fe-13Cr alloys
containing up to 4.5 wt.% Al in the temperature range 680 to 980°C. They proposed that the

critical Al content required for selective oxidation of Al increases as the exposure
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temperature increases. Therefore 4 wt.% Al is necessary for 980°C while 1 wt.% Al provides

excellent corrosion resistance at 680°C.

2.3.1.2 FeCrAl alloy with high Al content

Early studies carried out by Turker [126] exhibited that MA956 (4.5 wt.% Al and 20 wt.%
Cr), ODM 751 (4.5 wt.% Al and 16.5 wt.% Cr) and PM2000 (5.5 wt.% and 20 wt.% Cr)
formed an external adherent scale of a-Al.O3 with excellent corrosion protection during the
exposure to air at 1100 to 1200°C in the long-term. Gomez-Vidal et al. [127] stated that the
corrosion resistance of Fe-Cr-Al alloys improved with the increase of aluminium content
present in the steel. However, it has been reported by Yang et al. [37] that the upper limit of
55 wt.% Al is normally implemented due to processing and forming considerations.
Furthermore, a high content of Al alloying element dramatically affected the creep strength of
the ferritic matrix, due to the very strong bcc-stabilising effects of Fe and Al [86]. Kimura et
al. [128] found the creep strength of Fe-16Cr alloy at 937K was dramatically weakened by
adding 4 wt.% Al in the alloy. Commercial nickel-base alloys offering high creep strength
and excellent oxidation resistance, based on protective alumina scale formation, are currently
available. However, their cost is about 5 to 10 times higher than conventional Fe-base
stainless steels, which limits their use to niche applications [129]. In order to maintain the
high corrosion resistance without sacrificing the high temperature creep strength, a new series
of alumina-forming alloys which form an external Al.Oz scale in dry air oxidation were
developed [129-131]. By adding an adequate amount of stabilising elements such as Ni and
optimising the manufacturing process, the content of Al in the alloy was successfully
decreased to 2.5 wt.% which was still capable of producing a continuous Al.O3 scale while
maintaining an acceptable creep strength [86]. The alumina-forming alloy HTUPS-4 (Fe-

20Ni-14Cr-2.5Al wt.%) tested by Yamamoto et al. [130] provided superior oxidation
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resistance in humidified air at 800°C for 2000 hours via the formed external alumina scale on
the alloy surface. Meanwhile, it had a long creep-rupture lifetime at 750°C under 100 MPa

due to the formation of nano-NbC precipitates.

2.3.2 Different phases of the alumina

Yang et al. reported that the alumina-forming alloys such as Fecralloy demonstrated a much
higher oxidation resistance than the chromia-forming alloys, including Crofer22 APU [96].
For high temperature applications, the excellent anti-corrosion property of alumina-forming
steels is attributed to the formation of the highly protective and slow growing a-Al>O3 scale
[114,115]. Tt is widely known that a-Al2Os is the only thermodynamically stable oxide of
aluminium. Besides, a-Al203 has a rhombohedral structure consisting of a hexagonal packing
of oxide anions with cations occupying two-thirds of the octahedral interstitial sites [67]. The
excellent corrosion resistance derives from the depressed diffusion Kkinetics of both
aluminium and oxygen ions [73]. It has been evidenced from FeCrAl and NiCrAl alloys that
grain boundary diffusion dominates the scale growth of alumina, while lattice diffusion is
extremely slow [132,133]. The slow growth rate of a-Al203 is due to its large band gap and
highly stoichiometric structure which makes electronic conduction difficult [134]. In addition,
the oxidation rate of alumina-forming steels will dramatically reduce once a continuous a-
Al>O3 scale is formed [135,136]. Thus, this particular crystalline structure of a-Al.Os makes
it a perfect candidate as protective film for many high-temperature alloys. However, when an
alumina-forming alloy is exposed at temperatures lower than 1150°C, different forms of
transient (metastable) Al>Os with different crystalline structures will form such as y-Al>O3, 6-
AlO3 and 6-Al03 [127]. The transient aluminium oxides contain lattice defects, so they
provide no significant protection to further oxidation of the alloy compared with a-Al.O3

scale [137,138]. The structure of y- Al.O3 is cubic spinel, 6-Al203 has a monoclinic type
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structure and 8-Al>Oz is tetragonal [67]. Figure 2.13 compares the scale thickening rate of 6-
Al>O3 and a-Al20s. The oxidation behaviour of alumina-formers AluChrom YHf and Kanthal
has been reported by Nicholls et al. [139] and Bennett et al. [140]. It was found that the oxide
scales developed on the FeCrAl alloys at low temperature contained metastable aluminas and
consequently offered poor protection against high temperature corrosion. Furthermore, the
different morphologies formed by the alumina phase also lead to the different growth rate:
whereas a-Al,O3 forms a dense layer, the metastable oxides tend to form as whiskers or blade
morphologies.
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Figure 2.13 Arrhenius plot of Kp for the oxidation of pure NiAl [72].
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Figure 2.14 Approximate Al>Os transformation temperature observed on bulk material [42].
It is widely known that all the metastable alumina can transform to a-Al>O3 by further heat
treatment [141]. The phase transformation generally takes place at higher temperature or/and
extended oxidation time at the expense of the metastable alumina that is formed during the

heating process at the lower temperature [134]. The sequences of phase transformation given
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in the literature are known to be y-Al203 — 3-Al203 — 6-Al203 — a-Al203 or be y-Al,03 —
0-Al.03 — a-Al20s3, as exhibited in Figure 2.14 [141]. The transformation is a reconstructive
process involving a continuous ordering of cations, with a final restructuring of anions in the
hexagonal closed-packed arrangement in the rhombohedral [134]. Due to the lower density
of metastable aluminas than the a-Al>O3z, the phase transformation is accompanied by a 13%
reduction in volume [42], leading to tensile stresses and radial cracks detrimental to the
adherence of the final a-Al.Os3 scale. Rybicki and Smialek [142] found that the 6-Al>Os scale
completely covered Zr-doped NiAl after oxidation at 800°C for 100 hours while it
transformed into a-Al2O3 in about 8 hours at 1000°C. Brumm and Grabke [143] detected the
phase transformation of y to 6 and 0 to a occurring simultaneously on NiAl at 900°C. The
transformation from the initially formed y-Al203 to 8-Al203 took about 10 hours. However,
the transformation from 6-Al203 to a-Al203 occurred at much longer times but accelerated
when the exposure temperature was increased. Pint and Hobbs [144] identified only a-Al203

phase formed on undoped NiAl after 160 seconds oxidation at 1500°C.

2.3.3 Oxidation of alumina forming alloys

2.3.3.1 Effect of temperature

The formation of alumina on the surface of an alumina forming alloy (FeCrAl or NiCrAl) is
completely different from the theory presented in Figure 2.14 as all the elements presented in
the FeCrAl alloy will oxidise depending on the exposure conditions. Thus, depending on the
exposure conditions and the alloying compositions, the transformation of the alumina phase
may differ [136,141]. Temperature has been considered as one of the most important factors
in the oxidation of alumina-forming alloys. The temperature has to be high enough to
facilitate the phase transformation from metastable alumina to a-Al>O3 as metastable alumina
could be detected during the initial stages of oxidation when the oxidation occurred at higher
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temperature [134]. Nakayama and Kaneko [145] reported the formation of spinel type -
Al>O3 after exposing an iron-based alumina forming steel to a hydrogen-steam mixture at
700°C for 1 hour. However, the oxide scale consisted of corundum type a-Al2Os with trace
amounts of iron after exposure to the same atmosphere at 920°C. Boggs [146] reported the
formation of y-Al,O3 with very small a-Al,O3 crystals at 600°C on an iron-aluminium alloy.
However, the oxide scale seemed to contain more a-Al.O3 than the metastable y-Al>Oz once
the temperature was over 900°C. It has also been pointed out that the transformation of vy-
Al>03 to a-Al,03 may involve an intermediate phase, 6-Al203. Ramanarayanan et al. reported
the existence of 3-Al203, mixed with a-Al203 on an iron-based alloy at 900°C [147]. Mosely
et al. [115] reported the presence of whiskers of 6-Al.O3 on a FeCrAl alloy at 1000°C. On
heating to 1200°C, these whiskers were transformed to a-AlO3, with a high degree of
crystalline strain. Peters and Grabke [148] found the presence of a fine grained film of 6-
Al;0O3 on an Fe-based alloy during the initial stage of oxidation at 1000°C. The phase
transformation to the stable a-Al,O3 started at the interface between the alloy base and the 6-

Al>O3, and occurred more quickly on ferritic alloys than on austenitic alloys.

However, the formation of a-Al2O3 is also observed by exposing the FeCrAl alloy at
relatively low temperatures. Josefsson et al. [149] proved the formation of a-Al2Oz on
Kanthal AF with XRD analysis after exposing it to dry O, at 700°C for 168 hours. The
authors attributed such low temperature formation of a-Al2O3 to the few percent of chromium
and iron present in the oxide scale. Chen et al. [150] also detected the formation of a large
amount of a-Al>O3 coexisting with y-Al>O3 at 650°C. The authors found that the outward
diffusion of Al atoms incorporated into the precursor oxide of a-Fe;Os and the AIP* ions
substituted for Fe®*" in the a-Fe,Os, eventually leading to the AI** doped a-Fe;Os. Thus,

nucleation and growth of a-Al.O3 on the AI** doped o-Fe,O3 might be a direct way for the
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formation of a-Al>O3 scale without detection of intermediate alumina at low temperature
(650°C). It has been widely reported that the transient oxides (a-Cr203 and a-Fe;O3) which
are isostructural with a-Al2O3, can act as crystallographic template for the nucleation and
growth of a-Al,O3 [114,123,149]. Furthermore, these transient oxides doped with AI®*
increase the nucleation of a-Al203 and accelerate the growth of the protective layer. The
developed protective layer of a-Al.O3 can subsequently suppress the formation of metastable
alumina, resulting in less formation of the non-protective metastable alumina scale. The work
performed by the Swedish High Temperature Corrosion Centre [136,151,152] reported in
detail that the oxide scale formed on the alumina-forming alloy (Kanthal AF) exposed at
900°C in dry O for 1 hour had a double-layered structure including a bottom layer of a-
Al>O3 and an upper layer of y-Al.Oz with a Cr-rich band in the middle, indicating the original
metal/gas interface, as shown in Figure 2.15. A fast outward growth of y-Al.Os by Al
outward diffusion resulted in a rapid mass gain while a slow growth of a-Al>Os grains
nucleated on the isostructural Cr.Osz (native oxide film) eventually formed a dense inner a-

Al>Oz layer by oxygen inward diffusion.

a 200 nm

Figure 2.15 STEM/EDX images of the oxide scale formed on Kanthal AF after oxidation in
dry oxygen at 900°C for 1 hour [136].
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2.3.3.2 Effect of water content

The literature on the effect of water vapour on the growth behaviour of alumina scale in
alumina-forming alloys is somewhat contradictory. While some articles report that water
vapour slows down the oxidation rate of FeCrAl alloys, others claim that water vapour
accelerates alumina growth on the alumina-forming alloys. Further to Kvernes et al.’s study
[125], they reported that the oxidation of Fe-13Cr-4.4Al alloys was not significantly
dependent on the humidity level of the air once continuous Al.O3 scales were formed at
680°C, 820°C and 920°C. Buscail et al. [153] compared the oxidation behaviour of the Fe-
21.5Cr-5.6Al alloy in dry and humidified oxygen at 1000°C. The authors revealed that the
formation of hexagonal alumina, which has a similar structure to the protective a-Al203,
slowed the oxidation rate in wet oxygen atmosphere, whereas y-Al>Oz with a faster growth
rate formed in dry oxygen in the initial oxidation. However, it has been confirmed that,
during extended exposure, the hexagonal alumina formed in the humidified oxygen contained
a high concentration of Cr and Fe, which offered less corrosion resistance compared to the a-
Al>,O3 that was established in the steam free environment. Unocic et al. [154] observed
thinner layers and slower growth rates of the alumina scales formed on PM2000 (Fe-19Cr-
10Al) exposed at 1050°C in air with 10% H20 and Ar with 10% H>O compared to the scale
formed in dry Oz at 1050°C. The authors attributed the reduction of the oxidation rate in
humid atmosphere to the change in the diffusion species (water molecules or hydroxyl group)

along the oxide grain boundaries.

The opposite results were reported in early work from Boggs et al. [146]. They found that the
oxidation rate of the Fe-based alloy with 5 wt.% Al was remarkably increased during
exposure at 800°C when 3% water was added to the oxygen atmosphere. They observed that

the initially formed y-Al203 in dry oxygen transformed into a-Al,O3 with about 1 wt.% Fe-
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rich oxides after 16 hours oxidation, whereas in wet oxygen Fe-rich nodular oxides occupied
almost 20% of the surface. It was suggested that a hydrated alumina may have developed in
the initial stage of oxidation in the humidified environment which was more susceptible to
cracking and this resulted in more formation of nodular oxides. Onal et al. [155] reported the
detrimental effect of water vapour on the oxidation behaviour of alumina-forming alloys.
They found the oxidation of alumina-forming alloys can be influenced by steam in certain
ways, namely, more metastable alumina is formed over the a-Al.O3 compared to the layer
formed in dry air. The formation of an adherent and continuous alumina scale was restrained,
and spallation and cracking of the a-Al>O3 scale occurred in steam atmosphere at elevated
temperatures. It was proposed that water molecules can affect the a-Al2Os/alloy interfacial
toughness. Smialek and Morscher [156] proved that water immersion caused additional oxide
spallation at metal/oxide interfaces for both yttrium-doped and undoped Rene N5 alloys
oxidised at 1150°C for 500 and 1000 hours. This phenomenon can be aggravated by the
existence of impurities such as sulphur segregating to the scale/alloy interface and thereby
reducing the interfacial bonding strength. The increased oxidation rate of FeCrAl alloy
oxidised in H2O containing environment was also observed on Kanthal AF studied by
Gotlind et al. [152] and on Kanthal APMT studied by Hellstrom et al. [157], and Engkvist et
al. [158]. All these three papers found that the oxide scales were composed of a two-layered
oxide structure in both dry and humidified oxygen environment. The bottom layer consisted
of a-Al.Oz grown by oxygen inward diffusion while the top layer initially consisted of y-
Al>Oz3 grown by Al outward diffusion. In dry O, the outer y-Al>O3 scale was transformed to
a-Al203 during the early stage of exposure. However, this phase transformation did not occur
in humidified oxygen environment. It was proposed that the formed surface-hydroxylated y-
Al203 was considered to be more stable and less reactive than the y-Al.O3 formed in dry

atmosphere, thereby inhibiting the formation of a-Al.O3 [136,152,157,158]. The higher

48



oxidation rate in the presence of H,O was thus due to an accelerated formation of the

metastable oxides.

2.4 Volatilisation of Cr(VI)-containing species

2.4.1 Formation of Cr(VI)-containing gases

As discussed before, high temperature resistant alloys used in BOP components in SOFCs,
such as CAPH, typically possess high chromium content to form a protective Cr.Os scale
[29,117,119,159]. Under the cathodic environment, chromia reacts with water vapour and
oxygen, forming high valent chromium gases, contaminating the cell by accumulating
chromium species around the electrolyte and cathode interface and depleting the chromium
reservoir in the alloy. The chromium species in vapour phase can be produced at
temperatures ranging from 600 to 800°C [29]. Volatilisation of chromium-containing species
is a very common problem for stainless steel components in the SOFC stack, such as
interconnects. The evaporation of chromium-containing species strongly depends on the
water content and the oxygen partial pressure [26,160]. Ebbinghaus et al. [160] investigated
the constituents of fifteen kinds of chromium-containing gases evaporated from Cr,0s3 at
fixed partial pressure of water (10.0 kPa) and oxygen (1.0 kPa) in the temperature range from
800 to 1600K. The volatilisation of chromium will reach the maximum when the partial
pressure of steam and oxygen are about equal, and the pressure of chromium gas will

decrease remarkably if either the partial pressure of oxygen or steam reduces.
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Figure 2.16 Equilibrium vapour pressure of Cr-O-H gases at (a) 1000°C and (b) 800°C with

water partial pressure of 3 kPa based on thermodynamic data from Ebbinghaus [41,160].

Fergus [41] made calculations for the equilibrium gas pressures of the volatile Cr species at
800 and 1000°C based on the thermodynamic data from Ebbinghaus and assuming a
maximum water vapour pressure of 3 kPa, as shown in Figure 2.16. The maximum partial
pressure of all Cr vapour at 1000°C was plotted as bold dashed line in Figure. 2.16b (800°C)
for comparison. At both temperatures, the results indicated that the difference between the
highest Cr gas pressure between 800 and 1000°C was much smaller in air environment than
in hydrogen environment. The calculation demonstrated that the most abundant Cr vapour on
the fuel side would be CrO(OH) or Cr(OH)2 at 1073K, and that the partial pressures of these
chromium gases would be approximately 7 orders of magnitude lower than for the cathode
side. Thus, degradation by volatile Cr species in the anode side could be expected to be
negligible, and would not likely influence anode performance. At the air/cathode side, the
thermodynamic instability of the Cr,Os scale formed on the steel substrate is the essential
reason for chromium volatility at high temperature. Based on the thermodynamic calculations,
the most abundant Cr (VI) volatile species are CrO3z, CrO2(OH), and CrO2(OH)2 in high
oxygen partial pressure with the presence of water vapour. The involved chemical reactions

are shown below [26,161]:
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~C1,05(5) + H,0(g) + =0, = Cr0,(0H),(g) Equation 2.12
%Cr203(s) + %02 = Cr05(g) Equation 2.13

~C1,05(s) + H,0(g) + 50, = Cr0,(0H)(g) Equation 2.14
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Figure 2.17 Partial pressure of volatile chromium species (a) at 1223K in air (p(O2) =
2.13x10* Pa) with different partial pressure of water vapour, (b) in humidified air (p(O2) =
2.13x10* Pa and p(H20 = 2x10° Pa)) at different temperatures, (c) in air (p(Oz) = 2.13x10*
Pa) without water at different temperatures, and (d) at 1223K and different O partial pressure
[26].
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Figure 2.18 (a) Oxygen dependence and (b) water vapour dependence for Cr,O3 volatility at

837K [80].
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Figure 2.19 Partial pressure of CrOs in dry air and CrO2(OH). in humid air (3% water) over

Cr203 at various temperatures [162].

Hilpert et al. [26] investigated the effect of water vapour partial pressure, oxygen partial

pressure and temperature on the vaporisation of Cr-containing species from metallic

interconnects via thermodynamic modelling. The steam partial pressure dependence on

partial pressure of all kinds of volatile chromium species is shown in Figure 2.17a. Results

from Figure 2.17 are consistent with Ebbinghaus’s finding that CrOs, CrO(OH) and
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CrO2(OH). are the most abundant Cr vapour species during high temperature exposure in
humid air. Figure 2.17b shows the temperature dependence of partial pressure of the three
different volatile chromium species. It can be clearly seen that the chromium oxyhydroxide
(CrO2(OH).) is the dominant Cr volatile species in humid air under SOFC operation
temperature range of 800 to 1000°C. However, CrOs with six valent chromium is the most
abundant volatile species in cathode environment if the SOFC is fed with dry air containing
no H.O, as can be seen in Figure 2.17¢ & d. Gindorf et al. [161] employed the transpiration
technique to study the chromium volatilisation from Cr.Os powder at 1223K in air with
different humidity levels and discovered that the amount of evaporated chromium species
(CrO2(OH).) increased remarkably when the humidity in air increased from 0.07 to 0.3 kPa.
Based on Hilpert et al.’s and Gindorf et al.’s data, it can be inferred that the partial pressure
of CrOs does not depend on the partial pressure of water vapour. Opila et al. [80] used the
same technique to investigate the dependence of CrO2(OH) volatility on oxygen and steam
partial pressure at 600°C, indicating that volatility exhibits a power law dependency of
0.77+£0.06 and 0.96+0.05 for oxygen and steam, respectively, as shown in Figure 2.18. Chen
et al. [162] examined the temperature dependence of partial pressure of CrOz and CrO2(OH):
evaporated from Cr20sz in dry and wet air, respectively, as shown in Figure 2.19. Similar to
Fergus’s observation, they found that the partial pressure of CrOs gas in dry air increased
promptly with the increase of temperature whereas the variation in the partial pressure of

CrO2(OH)2 in wet air within the same temperature range was limited.

The partial pressure of gaseous chromium species has an Arrhenius relationship with
temperature. Falk-Windisch et al. [163] investigated the influence of exposure temperatures
(650, 750 and 850°C) on oxidation and Cr evaporation behaviour for Crofer 22 H and

Sanergy HT which formed (Cr,Mn)s04 spinel as protective layer for both alloys. They
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employed the Arrhenius equation to conduct the activation energy calculations on Sanergy
HT and Crofer 22 H for both oxide scale growth and Cr evaporation reactions. For both
alloys, it was found that the obtained activation energies were approximately 90 kJ/mol for
Cr evaporation and 270 kJ/mol for oxide scale growth. The Arrhenius plot (Figure 2.20)
showed that the temperature had a greater effect on oxide scale growth than Cr evaporation

due to the much higher activation energy of oxide scale growth than Cr evaporation.
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Figure 2.20 Arrhenius plot showing the influence of temperature on both oxide growth
(squares) and Cr evaporation rate (triangles) for Sanergy HT (black) and Crofer 22 H (grey)
in 6.0 L/min air with 3% H>0 [163].

2.4.2 Effect of Cr(VI) species on SOFC cathode material

The volatilization of Cr species from the oxide scale not only weakens the corrosion
resistance of the substrate, but it also leads to the degradation of SOFC. The deposition of Cr-
containing gases is associated with the oxygen activity at the electrolyte/electrode interface.
The electrochemical reduction of volatile Cr(VI) species such as CrOsz and CrO2(OH)2 has
been suggested as the primary mechanism for the Cr(VI) deposition at the LSM/YSZ
electrode system. Figure 2.21 shows a schematic of the electrochemical reduction of the

volatile hexavalent chromium at the triple phase boundary (TPB) of the SOFC
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cathode/electrolyte/oxidant interface [27]. As a result, the active sites in the cathode are
blocked by the deposited chromium species, leading to fuel cell performance degradation
[41]. However, some authors also reported that the distribution of deposited Cr-containing
species did not necessarily locate at the TPB. Deposition of Cr(VI)-containing species was
also found on the whole LSM electrode at 1100°C [164] and on the YSZ electrolyte surface
after anodic polarisation of an LSM electrode at 900°C [165]. Therefore, it can be inferred
that the deposition of Cr volatile species can also take place by the chemical reduction
reaction of the Cr(VI)-containing gases, promoted by the nucleation reaction between the

Cr(VI)-containing gases and Mn?* ions produced under cathode polarisation conditions [27].

CrO,

P
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b
\
0, + 4e-— 20
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2Cr0O; + 66 — Cr,0; + 30%

Figure 2.21 Schematic of volatile chromium species deposition at the TPB

(cathode/electrolyte interface) based on electrochemical deposition mechanism [27].

A number of studies have demonstrated that the volatile chromium species from uncoated
chromium-containing alloys can lead to serious degradation in the electrocatalytic activity of
LSM electrodes for the oxygen reduction reaction. Early research from Taniguchi et al. [164]
demonstrated the interrelation between the polarisation losses and the accumulation of
chromium-containing species at the LSM/YSZ interface of SOFC cathodes. They found an
increase in the cathode polarisation by the discharge current due to the pore blockage by

chromium-containing species, indicating that the accumulation of chromium reduced the
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amount of cathode reaction sites and impeded the supply of oxygen. Zhen et al. [166]
conducted impedance spectroscopy studies on the oxygen reduction reaction in the presence
and absence of a Fe-Cr alloy. The study revealed that the electrode processes at high and low
frequencies are dramatically affected by the alloy. Figure 2.22 shows the activation energy
graphs of the electrode conductivity of high- and low- frequency arcs for the LSM electrode
in the presence and absence of an Fe-Cr alloy in air. The activation energy of the low-
frequency arc in the presence of the Fe-Cr alloy (153 kJ mol?) was close to that in the
absence of Fe-Cr alloys (142 kJ mol™). However, a significant difference was observed for
the activation energy between the presence of the Fe-Cr alloy (167 kJ mol™) and its absence
(95 kJ mol?) at the high-frequency arc. The authors stated that the chromium species
deposited on the YSZ electrode surface physically inhibited the migration of oxygen ions
from the LSM electrode to the YSZ electrolyte lattice, which led to a relatively slow oxygen
reduction reaction at high frequency. This was attributed to the detrimental effect of
chromium vapour, decreasing the number of active sites on the LSM electrode surface

available for the surface exchange reaction.
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Figure 2.22 Activation energy graphs of electrode conductivity of high- and low- frequency
arcs for oxygen reduction on LSM electrodes in the presence and absence of chromium-

containing alloy in air [166].
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2.4.3 Determination of chromium evaporation

Many types of alloys and protective coatings have been developed to reduce the volatilisation
of chromium species [30,37,41,116,119,167,168]. It is necessary to quantitatively measure
the volatile chromium species released from high-chromium steels for SOFC applications in
order to evaluate the effect of a steel or coating on the chromium retention. Figure 2.23
demonstrates a simplified schematic of the experimental setup used for collection of volatile
Cr species [168]. The metallic samples in the furnace are heated to the target temperature.
The reactant gas flows into the furnace allowing chemical reaction to take place at the
gas/alloy interface. The vaporised Cr species are transported downstream with the carrier gas
and accumulated in the collector for further quantitative analysis. A number of experimental
techniques based on the schematic in Figure 2.23 have been developed to quantify chromium
evaporation such as mass measurement [169], the transpiration technique
[26,45,80,160,161,170], the denuder technique [94], the ionic conductivity method [171], a
silicon wafer collector [172], a ceramic plate collector [173] and a quartz wool collector.
Table 2.1 summarised by Key et al. [168] shows the collection efficiency and analytical

precision for each technique mentioned above.

e
reactant gas —> sample collector | exhaust
oo

Figure 2.23 Schematic of an experimental apparatus of transpiration method [168].
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Table 2.1 A summary of different analytic techniques employed to quantify chromium

vapours [168].

. - . Analysis Detection  Available
Techniques Efficiency Disadvantages Method Limit Information
1-0.01 Total Cr and
Complexity of equipment. ICP-MS i b other
Formation of Cr203 on tube PP elements
A Assumes
Transpiration 100% wall.
Highly concentrated acid for Total Cr and
dissolving Cr20s. ICP-ASE 3 ppb other
elements
Incomplete reaction between Photo
Denuder 95+5% CrO2(OH)2 and Na2CO:s. spectrometr 1 ppm Total Cr
CrOs is not collected. P y
lonic L Influence of conductivity by Conductivity
conductivity 100% - . 10 ppm Total Cr
other dissolved ions. Probe
method
Several variables affect the
collection efficiency. Relative Cr
Silicon wafer Low collection efficiency.
10% - RBS 1 ppm and other
Collector RBS requires access to a
- element
particles accelerator for
analysis.
Ceramic Incomplete quantitative Relative Cr
plate NA analysis of Cr containing EDS 100 ppm and other
collector species. element
Formation of Cr203 on tube
Quartz Wool wall, 1-0.01 Total Crand
80% - . ICP-MS other
Collector Highly concentrated acid for ppb elements

dissolving Cr20s.

The transpiration technique has been widely used by a number of research groups to quantify
the chromium evaporation from coated alloys, chromium-containing alloys and pure Cr.03
samples. The transpiration technique works by condensing chromium vapour in a quartz
condensation cell or in a fused quartz tube as it exits the furnace. Accurate collection of
volatile chromium species from the transpiration technique requires the use of highly
concentrated acid (hydrofluoric acid) to dissolve the condensed chromium species from the
surface of the quartz tube. Two kinds of analytical instruments, namely inductively coupled
plasma-atomic emission spectrometry (ICP-AES) [45,80] and inductively coupled plasma-
mass spectrometry (ICP-MS) [48], have been applied to quantify the total amount of
evaporated chromium species collected by the traditional condensation-based technique.

Opila et al. [80] confirmed the deposition of brown chromic acid (below 600°C) and green
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chromia in solid form (between 700 and 900°C) on the tube wall by the transpiration method.
The denuder technique uses a quartz tube coated with Na2COs on the inner wall to collect the
evaporated CrO2(OH)2 [94]. The denuder technique with a chromium collection efficiency of
95+5% has been employed in the current research for the quantification of volatile Cr species.
The denuder technique has an accuracy comparable to the mostly used transpiration method,
and avoids the requirement to collect Cr with highly concentrated acid. In addition, Cr
evaporation can be measured without disturbing the experiment allowing for time dependent
evaporation rate measurements. Froitzheim et al. [93] confirmed the protective effect of a
640 nm cobalt coating on a Sanergy HT steel surface with the denuder technique, by
measuring a decrease of one order of magnitude in the chromium evaporation rate from the

sample with cobalt coating.

2.4.4 Chromium evaporation from alloys

Most of the leading candidate alloys for use as BOPs in SOFCs form Cr.O3 scales during
oxidation. As discussed above, the evaporated Cr(VI) can cause rapid performance
degradation of SOFC cathode materials for oxygen reduction. Thus, a material transformation
from chromia-forming alloys for CAPH to alumina-forming alloys has been recognised as a
promising solution to reduce the Cr evaporation. The Cr evaporation from chromia-forming
alloys has been extensively studied and great deal of information is available. However, in
literature, little research is available on the quantitative analysis of chromium evaporation
from alumina-forming alloys for the Balance of Plant (BOP) application in SOFC.
Konysheva et al. [174] employed the transpiration method to measure the chromium
evaporation of Crofer 22 APU and Cr5FelY,0s alloys and discovered that the total
chromium evaporation of CroFelY20s alloy was three times higher than that of Crofer 22

APU. The lower amount of chromium evaporation of Crofer 22 APU derived from the
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formation of a spinel layer (Cr, Mn)304 on the outer surface of the steel, in comparison with
the Cr5FelY,0s alloy forming a Cr.Oz scale on the surface. Sachitanand et al. [99] measured
the chromium evaporation behaviour of five commercial ferritic stainless steels: Sanergy HT,
ZMG232, E-brite, Crofer 22 APU and Crofer 22 H at 850°C in a simulated SOFC cathode
conditions (6.0 L/min air + 3 vol% H.O) with the denuder technique. They found that the
accumulated chromium evaporation values after 500 hours of exposure corresponded to the
Mn concentration in the alloys, as follows: E-brite with 0.08 wt% Mn (0.39 mg/cm?) >
ZMG232 with 0.28 wt% Mn (0.17 mg/cm?) > Sanergy HT with 0.3 wt% Mn (0.14 mg/cm?) >
Crofer 22 H with 0.42% Mn (0.12 mg/cm?) > Crofer 22 APU with 0.48 wt% Mn (0.078
mg/cm?), as shown in Figure 2.24. They stated that a high Mn concentration in the alloy
resulted in a low Cr evaporation rate due to the formation of a compact and thick spinel layer
(Cr, Mn)304, which further confirmed Konysheva et al.’s findings. The influence of
temperature on the chromium evaporation of Sanergy HT was investigated by Falk-Windisch
et al. [163] by the denuder technique in a 3% H2O environment with a flow rate of 6.0 L/min.
They reported that the accumulated mass of evaporated chromium over 500 hours decreased
from 0.16 mg/cm? to 0.04 mg/cm? with the temperature decrease from 850°C to 650°C. It
was suggested that the Cr-riched oxide scale formed on the surface of Sanergy HT at 650°C
was much thinner than that formed at 850°C, leading to high chromium evaporation at higher
temperature. Grolig et al. [175] tested the chromium evaporation of stainless steel 441 with
the denuder technique in a simulated cathode environment of air with 3% H>0 at 850°C. The
uncoated stainless steel 441 showed a total mass of evaporated chromium around 0.14
mg/cm? after 526 hours of exposure. The high quantity of chromium leakage from stainless
steel 441 was attributed to the unstable structure of the oxide scale, leading to massive
spallation. Stanislowski et al. [48] studied the chromium evaporation of different Ni-based,

Cr-based, and Co-based alloys, chromina austenitic and ferritic steels, and alumina-forming
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steels with the transpiration technique in humidified air at 800°C. The total mass of
evaporated chromium was reported as follows: Ducrolloy > Nicrofer 45 TM > Ferrotherm
4828 > Nicrofer 7520 > Nicrofer 6025 HT > IT 10 > IT 14 > IT 11 > Conicro 5010 W >
AluChrom YHT, as shown in Figure 2.25. The chromium retention ability of a Cr-Mn spinel
outer layer with a chromia sublayer was approximately 60 to 70% in comparison with pure
chromina-forming alloys. Co-based alloys showed a decrease of chromium leakage of about
90% due to the formation of a Co3O4 outer layer. It was obvious that AluChrom YHf showed
the lowest amount of chromium evaporation over 500 hours among all the steels. The
excellent chromium retention capability of AluChrom YHf was attributed to the formation of
a highly stable alumina outer layer. This research suggests the alumina-forming alloys as

promising materials for BOP application in terms of chromium retention ability.

0.0040 0.40
E-brite L
+0.35
0.30 g
& ! o
E (@)
= -0.25 £
=< ! =
S L0.20 B
© o)
5 ZMG232 G10 015 o
a L
g Sanergy HT [ . I_|>_l
c Crofer 22 H Lo.10 ©
O Crofer22 APU |
+0.05
Ll L) Ll - L) T T 0.00
0 100 200 300 400 500 600 700

Time (h)

Figure 2.24 The mass of evaporated chromium per area as a function of time for selective
alloys at 850°C in air + 3% H.O [99].
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Figure 2.25 The mass of evaporated chromium per unit area as a function of time for
different alloys at 800°C in air with p(H.0)=1.88x107 pa [48].

Jonsson and Westerlund [176] compared the oxidation behaviour of commercial chromia-
and alumina-forming alloys by placing the test coupons in highly sintered alumina crucibles
which were exposed in air at 1100 and 1200°C over 1000 hours. Based on the visual
inspection of the colour of the crucible inner wall, Haynes 230 showed significantly higher
emission of chromium-containing species compared to Kanthal AMP and Kanthal AMPT
after long-term exposure at both 1100 and 1200°C. In Figure 2.26, the green colour depth on
the inner wall was used to indicate the level of chromium leakage. Gerdes and Johnson [29]
exposed materials of representative SOFC BOP component alloys to both humidified and dry
air at various temperatures of 600°C, 700°C and 800°C, respectively. They predicted the
deactivated SOFC area caused by Cr.Os deposition by thermodynamic calculation of
chromium vapour composition estimated by SEM/EDS and XRD for each alloy. They found
that the degradation of SOFC was negligible for alloys exposed to dry air even at 800°C,
while the alloys caused various degrees of deactivation on the SOFC cathode in the presence
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of water depending on the composition of their oxide scales, as follows: SS316 > AL453 >
SS446 > HR 160 > Haynes 214 (4.5% Al). This study determined the superior resistance of
the alumina layer formed on Haynes 214 against surface chromium evolution through
restraining the ionic mobility of chromium and oxygen throughout the alumina scale. Ge et al.
[117] quantitatively measured the chromium evaporation rate of pure chromia, AISI 310S,
Nicrofer 6025 (1.8-2.4 wt% Al) and AluChrom YHf (5.5-6 wt% Al) by the transpiration
technique in humidified air (3 and 12 pct H20) at temperatures ranging from 800 to 900°C.
The measured chromium vaporisation rate for the test samples decreased in the order of pure
Cr,03 > Fe-Cr alloy, AISI 310S > chromia-alumina transition alloy, Nicrofer 6025 HT >
alumina-forming alloy, AluChrom YHf. Similar to Stanislowski et al.’s study, the lowest
chromium evaporation rate of AluChrom YHf came from the formation of a dense and
continuous alumina scale. However, for Nicrofer 6025 HT, the formation rate of the
aluminium oxide sublayer was relatively slow, thereby leading to significant chromium

leakage.

(a)

Kanthal APM, 1000 hours Kanthal APMT, 1000 hours Haynes 230, 1000 hours 253MA, 9 hours Alloy 316, 100 hours

(b)

Kanthal APM, 1000 hours

Kanthal APMT, 1000 hours Haynes 230, 600 hours 253 MA, 400 hours

Figure 2.26 Visual appearance of crucible and alloys after high temperature treatment at
(2)1100°C and (b) 1200°C for 1000 hours [176].
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2.5 Summary

With the steady decrease in the operating temperature of SOFCs to 500 to 700°C, the heat-
resistant alloys have attracted more attention for SOFC CAPH application due to their low
material and manufacturing costs compared to the ceramic counterparts. The alloys of interest
must contain sufficient Cr and/or Al to protect against corrosion and/or oxidation, and
accordingly, can be divided into chromia and alumina-forming alloys. However, the high
temperature alloys designed to form pure Cr.Oz as protective layer may not be suitable for
the CAPH application as they may be restricted by their thermodynamic instability with
respect to evaporation of Cr(VI) species. It appears that the chromia-forming alloys with
added Mn element provide enhanced Cr retention capability due to the lowered Cr partial
pressure on the (Cr,Mn)304 spinel scale. However, it has been verified that the amount of
volatile Cr(VI) species from (Cr,Mn)304 spinel scale still remains at an unacceptable level
relative to the alumina-forming alloys. The alumina-forming alloys have been studied in
lower numbers and thus lack literature on application as CAPH in SOFCs. Nevertheless, the
limited studies have confirmed the excellent Cr retention capability of alumina-forming
alloys used for BOP components in SOFCs. In spite of this, the alumina-forming alloys still
face some challenges such as the formation of metastable alumina with lower protection
relative to the a-Al>Os. Furthermore, the critical amount of Al added to the alumina-forming
has to be in a proper range (3 to 5 wt.%) since a high Al content (> 5 wt.%) decreases its
creep strength. Thus, there is a need to develop an alloy which can combine the creep
strength of a chromia-forming alloy and the Cr retention capability of an alumina-forming
alloy such as surface aluminising on chromia-forming alloys. Meanwhile, the optimisation of
alumina-forming alloys can be carried out by pre-oxidising the alumina-forming alloys at

temperatures which only a-Al,O3 forms in order to avoid the formation of metastable alumina.
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Chapter 3 — Experimental

This chapter will detail the steel substrates investigated in this study. High temperature
exposure tests are divided into two parts: chromium evaporation test and long-term oxidation
test. Thus, in this chapter, the denuder technique adopted for the quantification of volatile
Cr(VI) species and the long-term oxidation test used to determine the oxidation rate in this
study are explained. The evaluation of the performance of the alloys is assessed based on
both high-temperature exposure tests and characterisation techniques developed for surface
analysis. Furthermore, the techniques used in characterising the alloys before and after the

high temperature exposure tests are discussed.
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3.1 Materials

Three commercial high-Cr stainless steels were selected for this research. The samples were
cut into coupons of the dimensions 15x15x0.3 mm?®. The alloy composition for these
materials in wt.% is shown in Table 3.1. Additionally, SS309 was also aluminised on both
sides in order to compare the high temperature corrosion behaviour with uncoated SS309. A
1 um thick aluminium layer was applied by Teer Coating Ltd. using a proprietary physical
vapour deposition (PVD) process. All samples were tested in as-received condition after
having been cleaned in acetone and ethanol using an ultrasonic bath.

Table 3.1 The chemical compositions of the stainless steel materials investigated in this study.

(Wt.%0) Fe Cr Mn Al Ni Si Nb W Co others
Ti: 0.4; Mo: 8-10
Inconel
625 5.0 20-23 0.5 0.4 Bal. 0.5 4.15 - 1.0 P 0.015: S: 0.015
Hf: 0.06; Y: 0.07
A'uglhgom Bal. 188 021 358 02 032 073 202 -  Zr 003 Cu 0.03
C: 0.01; N: 0.01
C:0.2; P: 0.045
SS309 Bal. 22-24 2.0 -- 12-15 0.75 -- -- --
S:0.03; N: 0.11

3.2 Pre-heat treatment on AluChrom 318

The effect of pre-heat treatment on the AluChrom 318 was investigated with regards to two
variables: temperature and dwelling time. All the pre-heat treatments were conducted in a
tubular furnace (Vecstar HZ ST 1100) with the samples standing vertically on an alumina
plate in air atmosphere (no flow). The samples were heated to the target temperature with a
heating rate of 10°C/min, held at the target temperature for the programmed duration, and
subsequently cooled down to room temperature inside the furnace. The matrix of pre-

treatment conditions is shown in Table 3.2.
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Table 3.2 The matrix for pre-heat treatment conditions of AluChrom 318.

Temperature Dwelling time
800°C 1h 2h 4h
900°C 1h 2h 4h
1000°C 1h 2h 4h
1100°C 30 min 1h 2h

= > CrO,(OH
> Length: 60 cm < Air +3% H,0 C:O:((g) )2 (&)

Quartz glass Denuder tube with Na,CO; coating 800 C

Na,CO, coating Cr,0; Layer
Sample:
Cr0O,(0H), (g) + Na,CO; (s) = Na,CrO, (s) + H,0 (g) + CO, (g) 15 x 15 mm? Steel sample
Na,CO, coating

Cr,0, (s) + 2H,0 + 1.50, = CrO,(OH), (g)

00 °C [
Gas
l
I
Air +3% H,0
L___l________/_l
SiC Outer glass tube

Openable Flanges

Flow Restrictor

Figure 3.1 The schematic diagram of denuder technique.

3.3 Exposure tests

3.3.1 Cr203 evaporation tests

For the Cr.Os evaporation test, the amount of volatile Cr species was measured by
isothermally exposing three identical samples of the stainless steels and employing the
denuder technigue developed at Chalmers University of Technology [94]. Figure 3.1
illustrates a schematic of the denuder technique for quantitative analysis of Cr volatility.
Denuders are usually made of quartz glass tubes. The denuder glassware used in this study

was manufactured by Multi-Lab Ltd, UK, based on the design from the High Temperature
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Corrosion Centre, Chalmers University of Technology. In a denuder setup, the outer quartz
glass tube (black line in Figure 3.1) with an i.d. of 44 mm allowed the gas to pass through,
and was sealed with openable flanges to ensure gas tightness. The inner glass tube (red line in
Figure 3.1) served as sample holder and support for the denuder tube. The stainless steel
samples which had been cut into small metal coupons were placed over the inner glass tube
and exposed to high temperature in the furnace. Directly upstream of the samples, a flow
restrictor consisting of porous SiC was placed to minimise natural convection and to obtain a
more uniform flow pattern. Downstream of the samples, the gas stream was fed through the
quartz glass denuder tube (inner diameter: 6 mm and length 700 mm) which was inserted into
the inner glass tube. The inner wall of the denuder tube was coated with Na,CO3 used for
Cr(V1) collection. The Cr-containing gas (CrO2(OH)2) produced in the simulated SOFC

environment reacted with the Na2COs to produce Na>CrOs on the basis of equation 3.1 [94]:

CrO2(OH)2 (g) + Na2CO3 (s) — NazCrOs (s) + H20 (g) + CO2 (g) Equation 3.1

After the Cr exposure test, the inside wall of the reacted denuder tube was subsequently
washed with 10 ml DI water, and the dissolved solution was carefully collected. The new
denuder tube with fresh NaxCOs coating were replaced without cooling down the furnace,
allowing the uninterrupted measurement of Cr evaporation. For Inconel 625 and SS309 with
high chromium volatility, UV-vis spectrophotometer analysis (Cecil 7500) was applied on the
obtained solution to quantify the total amount of Cr(V1) species evaporated from each sample
to be tested. For AluChrom 318 with extremely low Cr volatility, the volatile Cr(\V1) species
evaporated from the samples was far below the detection limit of the UV spectrophotometer
(1 ppm). Therefore, the inductively coupled plasma optical emission spectrometry (ICP-OES)
with lower detection limit (10 ppb) was employed to quantify the evaporated Cr(V1) species

collected by the denuder technique.
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Figure 3.2 The process flow chart for the denuder technique equipped with Bronkhorst
liquid-gas delivery system.

The exposure environment used was comprised of compressed air humidified with water to
simulate an SOFC cathode environment. This was prepared by a liquid-gas delivery system
from Bronkhorst Ltd. The process flow chart for the denuder set-up equipped with a liquid-
gas delivery system is shown in Figure 3.2. Water is injected through a Coriolis mass flow
meter (Bronkhorst mini CORI-FLOW 50 g/h) and the volume of air is introduced with a GFC
mass flow controller (AALBORG, GFC17, N2, 0-10 std L/min). The injected air and water
were directed to the gas inlet and liquid inlet of the Controlled Evaporation and Mixture
(CEM) unit (Bronkhorst W202A, maximum 10 L/min), respectively, then eventually flowed
into the denuder glassware. The air flow rate was controlled to 6.0 L/min which is consistent
with the Cr volatilisation test performed in High Temperature Corrosion Centre, Chalmers
University of Technology. Froitzheim et al. [94] studied the influence of air flow rate (0.5 to
8 L/min) on the Cr evaporation rate of Sanergy HT at 850°C, as shown in Figure 3.3. They
found that at the flow rate 6.0 L/min, which is equivalent to an average velocity of 27cm/s,

the chromium evaporation rate was independent of gas flow rate and was controlled by the
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material properties alone. Thus, all the exposure tests in this study were performed at
6.0 L/min of air flow to avoid any influence of gas flow rate on the amount of chromium
collected. This also allowed to easily compare the Cr evaporation data with the results from
Chalmers University [93,94,99,163,177-180]. The humidified air environment was applied

after the samples were heated up to 850°C in stagnant air in the furnace.
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Figure 3.3 The effect of air flow rate on the Cr evaporation rate of uncoated Sanergy HT.
Each test lasted 72 hours [94].

As mentioned above, the Na,COs coating with collected Cr species in the denuder tube was
washed off with DI water and then quantified using a UV spectrophotometer. However, the
chromium concentration in the solution obtained from the denuder coating was unknown. In
order to find out the concentration of the collected chromium, commercial sodium chromate
from Sigma-Aldrich was prepared into standard solutions with different concentrations,
ranging from 0.05 mM to 0.5 mM. The standard solutions were prepared by diluting the
mother solution with Na>COs background solutions to ensure high pH of the solutions and the
same background as future samples. The Na.COs background solutions were prepared by

leaching the coated denuder tubes (chromium free) with 10 ml DI water after the original
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NaOH coating in the denuder tube was converted to Na>COs coating by feeding CO.. UV-vis
spectrophotometer (Cecil 7500) was conducted on these standard solutions and their
corresponding spectra are shown in Figure 3.4a. The intensity of the peaks increased with the
increase of chromium concentration. The peak values of the second peak around 370 nm
were extracted and plotted into a separate graph (Figure 3.4b). Obviously, there is a relatively
strong linear relation between the peak intensity and the solution concentration which is in
good agreement with the Lambert Beer’s law, and can be described as in equation 3.2:

A= exlxc Equation 3.2

Where A is the absorbance, ¢ is the molar absorption coefficient in MZcm?, ¢ is

concentration of the attenuating species in M, and | is optical path length in cm.
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Figure 3.4 The UV-vis spectra of sodium chromate solution with different concentrations; (b)

Extraction and analysis of the peak values of UV-vis spectra.

The UV-vis spectra for the chromium solution with unknown concentration (red dashed line)
collected from a pure Cr.Os3 pellet by the denuder technique is also shown in Figure 3.4a. The
Cr concentration can be calculated from the calibration function (Figure 3.4b) with the peak
intensity of the unknown solution. Thus, the Cr concentration was calculated as about 0.088
mM for the unknown solution collected from the denuder tube. The measured Cr

concentrations were then converted to the actual mass of Cr.O3 to compare with the mass
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change of the Cr.Oz3 pellet. The actual weight loss of the Cr.Oz pellet was measured by
weighing the pellet before and after Cr.Oz evaporation test with a Cubis Micro Balance. The
efficiency of the denuder setup for Cr volatiles collection was confirmed to be 95£5% which
is consistent with Froitzheim et al.’s study [94]. This high efficiency indicated that the
denuder technique was applicable for the quantitative analysis of Cr(V1) species evaporated
from stainless steels. In this study, all the Cr concentrations measured by the UV-vis
spectrophotometer and ICP-OES were converted to the mass of Cr.Os. Thus, all the
accumulated mass loss by Cr evaporation were calculated as the mass loss of Cr20s3

evaporation and plotted as function of time.

In this study, the Cr.Oz volatilisation of uncoated Inconel 625, SS309 and AluChrom 318 was
investigated regarding the effect of temperature and water content. For the effect of
temperature, the three uncoated samples were exposed isothermally for 168 hours at 650, 750
and 850°C in air humidified with 3% H20 with a total flow rate of 6.0 L/min. For the effect
of water content, the three uncoated samples were exposed isothermally for 168 hours at
850°C in air (6.0 L/min) humidified with 1%, 3% and 9% of H>O. The Cr,O3 volatilisation of
aluminised SS309 was only tested at 850°C in 6.0 L/min air + 3% H,O to compare the Cr
retention capability with uncoated SS309 and AluChrom 318 exposed at the same conditions.
The Cr203 evaporation tests for Inconel 625, SS309, aluminised SS309 and AluChrom 318 at
850°C in 6.0 L/min air + 3% H>O were repeated thrice with good repeatability, which means
that the results obtained by the denuder technique are reliable. For the pre-treated AluChrom
318, Cr.03 evaporation tests were carried out at 850°C in air (6.0 L/min) with 3% H20 to
investigate the effect of pre-treatment on Cr retention capability of AluChrom 318. For all the
Cr203 evaporation tests above, three identical samples of one type were placed in the inner

glass of the denuder set-up by standing on an alumina plate to expose two sides. The
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humidified air environment was applied after the samples were heated up to the programmed
temperature in the furnace. The exposed samples were removed from the denuder glass after
168 hours for gravimetric measurement and characterisations by naturally cooling down the

furnace to room temperature.

3.3.2 Long-term oxidation tests

A high temperature oxidation test was additionally carried out by exposing different types of
materials simultaneously in a tubular glass reactor with an inner diameter of 44 mm to
investigate the oxidation behaviour of the exposed samples at long-term. All long-term
exposure tests in this study were performed at 850°C with 3% water and 6.0 L/min air flow to
simulate the SOFC cathode atmosphere. The humidified air environment was applied after
the samples were heated up to 850°C in stagnant air in the furnace. The same Bronkhorst
liquid-gas delivery system used in the denuder set-up was also employed in the long-term

oxidation set-up to obtain the humidified air environment.

Air

Gas
Outlet I

Gas with H,0 Line

Sample Slze 15x15x0.3 mm3

Air + 3% H,0

| | Case:
Furnace: 850 °C | Inlet Gon Without H,0 Line
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Figure 3.5 The process flow chart for the long-term exposure set-up equipped with

Bronkhorst liquid-gas delivery system.
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The process flow chart for the long-term exposure test set-up equipped with a liquid-gas
delivery system is shown in Figure 3.5. Six identical samples of each type were placed in the
glass reactor by standing on alumina plates to expose two sides. Only two different types of
samples were exposed in the furnace during one long-term oxidation test due to the limited
length of the hot zone of the furnace. The exposed samples were removed from the glass
reactor at regular time intervals for gravimetric measurement and characterisation by

naturally cooling down the furnace to room temperature.

3.4 Physical characterisation

3.4.1 Mass measurements

The easiest way to quantify the oxidation rate and predict the lifetime of an alloy is mass
measurement. For long-term oxidation tests, gravimetric measurements on the exposed
samples were conducted as a function of time after each isothermal exposure test by
evaluating the mass change of the coupons exposed simultaneously using a high resolution
balance capable of measuring six decimal places (Cubis Micro Balance, MSA2.7SOTRDM).
For the Cr evaporation tests, the mass change of the exposed coupons was only measured
when the 168 hours of Cr evaporation test finished. The mass gain of the coupons after each

isothermal exposure were calculated using equation 3.3:

Mafter "Mbefore
A

Am = Equation 3.3

Where, Am is the mass change after each exposure test in mg/cm?, Muefore is the mass of the
coupon before exposure in mg, Marer IS the mass of the coupon after each exposure test in mg,

A is the area of the coupon in cm?.
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However, the oxidation behaviour of alloys in wet air is completely different from that in dry
air. The measured mass gain is generally lower than the theoretical value due to the Cr
evaporation causing mass loss. With the available Cr evaporation data, the net mass gain of
the samples after 168 hours of Cr evaporation test can be corrected by adding the mass of

evaporated Cr203 to the mass measured by the balance.

3.4.2 Scanning electron microscope (SEM)

In this study, the surface microstructure of non-exposed and exposed samples was studied by
scanning electron microscope/energy dispersive X-ray spectrometer (SEM/EDX) (Tabletop
Microscope TM3030, Hitachi-Hitec) which can support SE, BSE and mixed imaging
programmes. For cross-sectional analysis, the selected coupons were mounted in epoxy by
mixing EpoThin™ 2 hardener and resin, subsequently allowing the mounted sample to dry at
room temperature over night. The mounted samples were mechanically polished down to 1
um to obtain cross-sectional analysis with the same SEM/EDX technique. All images were
taken at 15kV on backscattering electron mode. Surface SEM images were taken to
characterise the morphology and structure of the oxides formed on the alloy surface. Cross-
sectional SEM images were taken to study the thickness and layered structure of the oxide

scale formed on the alloy surface.

3.4.3 Focused ion beam-scanning electron microscope (FIB-SEM)

A focused ion beam/scanning electron microscope (FIB/SEM) (FIB-SEM, FEI Quanta 3D
dual beam) was used to prepare in-situ lift-out TEM specimens for selected AluChrom 318
samples. A rectangle Pt strip with size of 4 x 20 x 4 um was deposited on the area of
interesting on the sample surface by two steps. In the first step, an extremely thin (around 10

nm) Pt layer was coated on the area to be analysed by electron beam in order to avoid damage
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of the oxide scale from the second step deposition process which is ion beam deposition.
Then a 4 um Pt layer was deposited on the area of interest by ions in the second step. The

process of preparing an in-situ lift-out TEM specimen is outlined as follow:

1. Milling and polishing: use ion beams to mill two deep trenches with size about 6 x 20 x
10 um on both sides of the area of interest. Polish the two sides of the cross-section with
ion beams to make the side walls smooth.

2. U-shape cut: use ion beams to mill through the cross-section between the trenches
(remaining material section) with a square shape but leave one side of the square not fully
milled to keep the sample standing.

3. Attaching the sample to the omniprobe: insert the omniprobe and adjust its position until
the probe touches the top of the Pt coating previously deposited on the sample. The probe
and sample are welded together by depositing Pt on the joint point. Finally, use Si to cut
off the remaining connection on the square cross-section to detach the sample from the
base material.

4. Move the omniprobe away from the sample stage and lift out the freed material section.
Find the copper grid and place the sample on an appropriate position on the TEM grid.
Then weld the sample on the copper grid by depositing Pt and cut joint between the
omniprobe and the sample.

5. Finally, thin a part of the sample down to 100-200 nm by polishing with ion beams.

3.4.4 X-ray diffraction (XRD)

The crystalline structure of the oxide scales formed on the steel surfaces was analysed by X-
ray diffraction (XRD) (D2 PHASER 2" generation, Bruker) with Co-K, radiation

(A=0.179026). The XRD patterns for all the analysed samples were calculated in a 20 range
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from 20° to 90°. The obtained XRD patters were analysed using DIFFRAC.EVA 5.1

software for peak identification.

3.4.5 TEM and Scanning transmission electron microscopy (STEM)

The alumina phase could not be detected on the XRD spectrums for AluChrom 318 obtained
by XRD. Thus, convergent beam electron diffraction (CBED) was carried out on the alumina
scale formed on the AluChrom 318 for phase identification. In this study, high resolution
imaging was done on a JEOL 2100 LaB6 TEM operated at 200 kV. The TEM is equipped
with STEM facilities. This technique was used for imaging the bulk structure, allowing better
observations of the crystalline structure of the oxide scale formed on the AluChrom 318 alloy.
In addition, CBED was used to identify the phase composition of the oxide scale formed on
AluChrom 318. Nevertheless, this instrument was not able to perform elemental mapping and
compositional analysis of the analysed specimen using EDX. A FEI Philips TECNAI F20
equipped with an Oxford Instruments ISIS EDS was used to produce STEM images, EDX
linescans, EDX maps and EDX spot analyses for the cross-sectional microstructure of the

oxide scale grown on the AluChrom 318 sample.
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Chapter 4 — Effect of Temperature and Water Content on the Oxidation
Behaviour and Cr Evaporation of High-Cr Steels for SOFC Cathode Air

Preheater*

Chromium vaporisation and oxide scale growth are probably the two most important
degradation mechanisms associated with the cathode air pre-heater (CAPH) made of high Cr-
containing alloys in Solid Oxide Fuel Cells (SOFC) systems. The oxide scale growth on a
high Cr-containing alloy is also closely interrelated to the Cr.O3 evaporation. However, both
degradation mechanisms of different high Cr-containing alloys strongly depend on the
temperature and humidity level the CAPH is subjected to. A high operating temperature
applied to the CAPH is known to have a significant effect on the oxide growth and Cr.03
evaporation rates. Furthermore, the humidity level of the exhaust gas and ambient air applied
to the CAPH cause an increase in the Cr.O3 evaporation rate. This chapter examines the
effect of exposure temperature and water content on both mechanisms for Inconel 625, SS309
and AluChrom 318. For the influence of water content, the Inconel 625, SS309 and
AluChrom 318 were isothermally exposed at 850°C in dry air and air containing 1%, 3% and
9% of H20 at a high flow rate for 168 hours. For the influence of temperature, the Inconel
625, SS309 and AluChrom 318 were isothermally exposed at 650°C, 750°C and 850°C in a

6.0 L/min air stream containing 3% H.O for 168 hours.

* This work was published in Corrosion Science <K. Zhang, A. El-kharouf, and R. Steinberger-Wilckens.
Corros. Sci., Manuscript submitted>.

78



4.1 Results

4.1.1 Gravimetric measurements

Figure 4.1a-c shows the effect of exposure temperature on the mass change of Inconel 625,
SS309 and AluChrom 318 in air with 3% H20O over 168 hours. Under the same water content
(3%), the mass change of Inconel 625 decreased with the increase of exposure temperature
from 650 to 850°C. The measured mass gains were 9.1 pg/cm? and 6.4 pg/cm? for Inconel
625 exposed at 650 and 750°C, respectively. However, the Inconel 625 exhibited a mass loss
of -0.0159 mg/cm? after exposure at 850°C for 168 hours. In contrast, both SS309 and
AluChrom 318 presented an exponential increase of mass gain with the increase of
temperature under the same humidity. The observed mass gains for SS309 were
0.0106 mg/cm? at 650°C, 0.0145 mg/cm? at 750°C, and 0.0703 mg/cm? at 850°C over 168
hours. The AluChrom 318 recorded mass gains of 8.9 pg/cm?, 0.0191 mg/cm? and 0.122

mg/cm? after exposure for 168 hours at 650, 750 and 850°C, respectively.
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Figure 4.1 Mass gain of (a) Inconel 625, (b) SS309 and (c) AluChrom 318 isothermally
exposed at 650, 750 and 850°C in air with 3% H.O for 168 hours; Mass gain of (d) Inconel
625, (e) SS309 and (f) AluChrom 318 isothermally exposed at 850°C in dry air and air
containing 1%, 3% and 9% H>O for 168 hours.
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The influence of water content on the mass gain of Inconel 625, SS309 and AluChrom 318
exposed at 850°C for 168 hours is shown in Figure 4.1d-f. At 850°C, the Inconel 625 showed
a decreasing trend of mass gain with the increase of water content from 0 to 9%. A mass gain
of 0.0379 mg/cm? was recorded for Inconel 625 exposed in 1% H.O atmosphere for 168
hours, while a mass loss of -0.0737 mg/cm? was observed for Inconel 625 exposed in 9%
H,O atmosphere compared to the samples exposed in 3% H20 (-0.0159 mg/cm?). The mass
gain of SS309 seemed to follow a trend similar to the Inconel 625 but no mass loss was
observed. The measured mass gains were 0.0964 mg/cm?, 0.0703 mg/cm? and 0.0161 mg/cm?
for SS309 after exposure at 850°C in 1%, 3% and 9% H-O, respectively. However, the mass
gains remained constant for AluChrom 318 exposed in different water contents at 850°C. The
observed mass gains for AluChrom 318 exposed at 850°C were 0.120 mg/cm? in 1% H.0
environment, 0.122 mg/cm? in 3% H,O environment and 0.126 mg/cm? in 9% H.0

environment.

4.1.2 Cr203 evaporation measurements

4.1.2.1 Influence of temperature

Figure 4.2a-c presents results from denuder technique measurements of Cr.O3 evaporation.
They show the influence of temperature on the amount of Cr,O3 evaporation for Inconel 625,
SS309 and AluChrom 318 after exposure in 3% H.O containing air for a total of 168 hours.
Figure 4.2d-f illustrate the rates of Cr.Os evaporation as a function of time for Inconel 625,
SS309 and AluChrom 318 based on the data presented in Figure 4.2a-c. Both Inconel 625 and
SS309 showed similar Cr.O3 zevaporation behaviour where the total amount and rate of
Cro0O3 evaporation decreased with decreasing temperatures. For a total exposure time of 168
hours the quantity of Cr.Os evaporated from Inconel 625 exposed at 850°C (0.0991 mg/cm?)

was higher than that from SS309 (0.0640 mg/cm?). However, it is interesting to notice that
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the Inconel 625 displayed a lower amount of Cr.Os evaporation when exposed at 650°C (3.8
ng/cm?) and 750°C (0.0155 mg/cm?) compared to SS309 exposed at 650°C (7.3 ug/cm?) and
750°C (0.0223 mg/cm?), respectively. Correspondingly, Inconel 625 exhibited a higher Cr,03
evaporation rate than SS309 when exposed at 850°C while it had lower Cr,O3 evaporation
rates than SS309 when exposed at 650 and 750°C over 168 hours. However, the AluChrom
318 demonstrated a reverse trend to temperature dependence for Cr.O3z evaporation compared
to Inconel 625 and SS309. For a total exposure time of 168 hours the amount of Cr.0s
evaporation of AluChrom 318 was measured as follows: 5.5 pg/cm? at 650°C > 4.3 pg/cm? at

750°C > 3.1 pg/cm? at 850°C.
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Figure 4.3 Accumulated Cr.Osevaporation as a function of time for (a) Inconel 625, (b)
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H20 for 168 hours; Rate of Cr.Ozevaporation as a function of time for (d) Inconel 625, (e)
SS309 and (f) AluChrom 318 isothermally exposed at 850°C in air containing 1%, 3% and 9%
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4.1.2.2 Influence of water content

The influence of water content (1%, 3% and 9%) on the Cr.Os3 evaporation of Inconel 625,
SS309 and AluChrom 318 exposed at 850°C for 168 hours is shown in Figure 4.3a-c. Figure
4.3d-f illustrates the rates of Cr.Oz evaporation as a function of time for Inconel 625, SS309
and AluChrom 318 based on the data presented in Figure 4.3a-c. All three tested materials
showed identical dependence of Cr.Oz evaporation on the water content. The amount of
Cr203 evaporated measured over 168 hours increased with increasing water content at 850°C.
Furthermore, Inconel 625 showed the highest amount of Cr.Os evaporation at each water
content condition with a total Cr,Os evaporation of 0.0558 mg/cm? in 1% H.O, 0.0992
mg/cm? in 3% H.O and 0.1834 mg/cm? in 9% H0. The Cr,03 evaporation for SS309
exposed in each water content condition was lower than for Inconel 625 under the same

conditions. The measured total Cr.Os evaporated from SS309 when exposed at 850°C was
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0.0380 mg/cm? in 1% H0, 0.0640 mg/cm? in 3% H»0, and 0.1494 mg/cm? in 9% H,0 over
168 hours. Moreover, as shown in Figure 4.3d&e, SS309 exhibited a tendency for a more
rapid decrease in Cr.Os evaporation rate than Inconel 625 at each water content condition.
Obviously, AluChrom 318 always exhibited the lowest amount of Cr.Oz evaporation among
the materials tested in each water content environment. The total Cr.O3 evaporation of 2.8
ng/cm?, 3.1 pg/cm?, and 4.1 pg/cm? was recorded for AluChrom 318 exposed at 850°C in 1%,
3% and 9% H.O content, respectively. The Cr.Oz evaporation rates of AluChrom 318
exposed to each water content level were all significantly higher in the first 24 hours

followed by a rapid decrease to a low value with a slowly further decreasing rate.
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Figure 4.4 XRD patterns for (a) Inconel 625, (b) SS309 and (c) AluChrom 318 isothermally
exposed at 650, 750 and 850°C in air containing 3% H>O for 168 hours.

Table 4.1 Type of the outer oxide scales formed on Inconel 625, SS309 and AluChrom 318

at respective temperatures in air containing 3% H.O for 168 hours.

650°C 750°C 850°C

Inconel 625 External (Mn,Ni)Cr04 External Mainly external Cr,O3

Cr,05/(Mn,Ni)Cr204

SS309 Cry03 nuclei doped with ~ Outer MnCr,O4 nuclei External MnCr,04 with
Mn with some Cr,03 internal Cr,O3 and SiO;

AluChrom 318 Outer Fe;Os3, CrpO3 and Outer Al,Oz layer with Double-layered  Al;O3
Al>O3 nuclei some Fe,03 and Cr,03 with Cr,03 middle layer
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(a) Inconel 625: 650 °C (b) Inconel 625; 750 °C.
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Figure 4.5 Surface SEM images of Inconel 625 exposed in air with 3% H>O for 168 hours at
(a) 650°C, (b) 750°C and (c) 850°C; EDX line scan along the line in indicated Figure 4.5c.

4.1.3 Microstructural analysis

4.1.3.1 Influence of temperature

The XRD spectrum of Inconel 625, SS309 and AluChrom 318 exposed at 650, 750 and
850°C in air + 3% H.O for 168 hours are shown in Figure 4.4a-c. Figures 4.5 to 4.7
demonstrate the surface microstructure of the samples of Inconel 625, SS309 and AluChrom
318 exposed at 650, 750 and 850°C for 168 hours. Table 4.1 shows the type of oxide scales
formed on the surface of Inconel 625, SS309 and AluChrom 318 at 650, 750 and 850°C,
respectively. The surface of Inconel 625 retained the scratches originating from the steel
manufacturing process even after 168 hours exposure at 650°C. For Inconel 625 exposed at

750°C, early nucleation of sub-micron sized oxides started to be visible on the steel surface,
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accompanied by even faster nucleation of Cr.O3 over the alloy grain boundaries. XRD
confirmed the presence of (Ni,Mn)Cr204 [89] and NisNb [181] phases on the surface Inconel
625 exposed at 750°C for 168 hours. After 168 hours of oxidation at 850°C, the surface was
mostly covered by a porous oxide scale. Moreover, some large oxide nodules were observed
along the grain boundaries which might have been produced from the voids detected on the
alloy surface exposed at 750°C. The EDX linescans (Figure 4.5d) show that the surface
contained extremely high concentration of Cr and O. The EDX results combined with the

XRD analysis indicated the formation of Cr.Os scale on the steel surface.

(a) 55309: 650 °C |
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: .
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Figure 4.6 Surface SEM images and EDX element maps of SS309 exposed in air + 3% H20
for 168 hours at (a) 650°C, (b) 750°C and (c) 850°C.

For SS309, early stage nucleation of a large amount of oxides started to be visible on the steel
surface after 168 hours of exposure at 650°C. These oxide nuclei observed on the surface and
grain boundaries had grown much larger after exposure at 750°C for 168 hours. EDX maps
confirmed that these oxide nodules were enriched with Cr, Mn and O. Similar to the SS309
exposed at 850°C for 100 hours in Chapter 5, a porous oxide scale with severe spallation

formed on the SS309 surface after exposure at 850°C for 168 hours. The formed oxide scale
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contained significant amounts of Cr, Mn and O according to EDX analysis. In addition, the
edges of the spalled areas below the porous top scale contained exclusively Cr and O. In
combination with the XRD patterns shown in Figure 4.4b, it can be concluded that the outer
layer was a (Cr, Mn)3O4 spinel-type oxide and the inner layer was Cr.O3. The EDX also
detected the formation of a SiO, sub-layer (not shown here) on the rear side of the spalled (Cr,

Mn)304 spinel scale for the SS309 exposed at 850°C, which was also observed in Chapter 5.
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Figure 4.7 Surface SEM images of AluChrom 318 exposed in air with 3% H,O for 168 hours
at (a) 650°C, (b) 750°C and (c) 850°C with corresponded EDX line scan analysis.

The surface morphologies of the AluChrom 318 exposed at 650 and 750°C for 168 hours
were quite similar. At both temperatures, AluChrom 318 formed a thin alumina layer with a
number of white spots randomly distributed on the alloy surface. XRD confirmed the white
spots present on the surface are FeaNb Laves phases. EDX linescans (Figure 4.7) indicated
that Fe was still the dominant element on the alloy surface after exposure at 650 and 750°C.
The surface morphology of AluChrom 318 exposure at 850°C was characterised by oxide
ridges which corresponded to high thickness alumina. The plane region between the oxide

ridges corresponded to low thickness alumina. However, the phase of the alumina formed on

86



the AluChrom 318 at 850°C was not possible to be detected by XRD (Figure 4.4c). The

reasons for the undetectable alumina phase will be explained in Chapter 5.
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Figure 4.8 XRD patterns for (a) Inconel 625, (b) SS309 and (c) AluChrom 318 isothermally
exposed at 850°C in air containing 1%, 3% and 9% H-O for 168 hours.
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Figure 4.9 Surface SEM images of Inconel 625 exposed at 850°C in air with (a) 1% H-O, (b)
3% H20 and (c) 9% H.O for 168 hours, SS309 exposed at 850°C in air with (d) 1% H-O, (e)
3% H20 and (f) 9% H2O for 168 hours, and AluChrom 318 exposed at 850°C in air with (g)
1% H>0, (h) 3% H20 and (i) 9% H>O for 168 hours.
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Figure 4.10 Cross-sectional SEM of Inconel 625 exposed in (a) 1% and (b) 9% H.O at
850°C for 168 hours; EDX maps of Inconel 625 exposed in 1% at 850°C for 168 hours.

4.1.3.2 Influence of water content

Figure 4.8a-c shows the XRD spectrum of Inconel 625, SS309 and AluChrom 318 exposed at
850°C in air with1%, 3% and 9% H.O for 168 hours. Figure 4.9 demonstrates the surface
microstructure of Inconel 625, SS309 and AluChrom 318 exposed at 850°C in air with 1%, 3%
and 9% H>O for 168 hours. The surface of Inconel 625 exposed in 1% H>O seemed to be
filled with chromia scale after 168 hours of oxidation at 850°C. However, the Cr,Os scale
became thinner after exposure in 9% water containing air due to the more pronounced Cr.03
evaporation with high water content. Cross-sectional SEM images including an EDX map of
Inconel 625 exposed at 850°C in 1% and 9% H20O are shown in Figure 4.10. From the cross-
sectional elemental maps, it can be seen that the oxide scale was mainly made of Cr and O

together with a small amount of Al and Mn. The thickness of the chromia scale formed on the
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Inconel 625 exposed in 1% H>O was around 615 nm while that formed on the Inconel 625
exposed in 9% H>O was only 399 nm. The scale layer was also enriched by Nb and Mo near
the scale/alloy interface, which is consistent with other studies and suggests the formation of
Nb- and Mo-rich precipitates [182]. XRD confirmed the existence of NizMo (Figure 4.8a).
The Cr203 protrusion circled in Figure 4.10b corresponds to the oxide nodules grown from

the grain boundary which were detected on the surface SEM (Figure 4.9c).
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Figure 4.11 Cross-sectional SEM of SS309 exposed in (a) 1% and (b) 9% H>0 at 850°C for
168 hours; EDX maps and linescans of SS309 exposed in 1% at 850°C for 168 hours.

SS309 exposed in different water content at 850°C exhibited a similar surface morphology
with the spallation of (Cr,Mn)304 spinel observed to randomly occur on the surfaces. Figure
4.11 displays the cross-sectional SEM images of SS309 exposed in 1% and 9% H>0 at 850°C
and EDX elemental maps and line scans of the SS309 exposed in 1% H>0. The first to be

observed from Figure 4.11 is that a serious crack was formed in the oxide scale of the SS309
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exposed in both 1% and 9% H.O-containing environments. The EDX analysis showed that
the cracked scale comprised mainly of Cr, Mn and O, consistent with the (Cr,Mn)3O4 spinel
layer. However, it is difficult to distinguish the Cr.Oz from the (Cr,Mn)3;04 layer but XRD
confirmed the presence of MnCr.04 phase and Cr.03 phase. The inner Cr.O3 layer might be
polished off by mechanical polishing during sample preparation for cross-section analysis. Si
was detected on the delaminated area of the scale. The cross-sectional microstructure image
revealed a similar oxide scale thickness for SS309 exposed in 1% and 9% for 168 hours. By
comparing the surface morphologies of AluChrom 318 exposed in different water content, it
was easily seen that the water vapour had no obvious influence on the oxide scale growth on
the AluChrom 318 surface, which also corresponded with the mass gains measured for the

AluChrom 318 oxidised in different water content.

4.2 Discussion

4.2.1 Cr20s3 evaporation corrected mass gain

The mass gains in Figure 4.1 cannot directly represent the oxidation rate of the high-Cr alloys
exposed in the high temperature oxidising environment containing water vapour due to the
unavoidable factors such as oxide scale spallation and Cr.O3z evaporation. In order to
quantitatively compare the oxidation rate of the alloys exposed under different temperatures
and water contents, it is necessary to calculate the gross mass gain by compensating for the
material loss caused by Cr.Os evaporation [99,163]. The gross mass gains were obtained by
adding the mass of the evaporated Cr.Os in Figure 4.2 and 4.3 to the gravimetrically
measured net mass gains in Figure 4.1. Subsequently, Figure 4.12 compares the net mass gain
and the gross mass gain for Inconel 625, SS309 and AluChrom 318 exposed under different
temperatures and water contents for 168 hours. Theoretically, the actual gross mass gains of
SS309 exposed at 850°C should be higher than the values presented in Figure 4.12e. Since
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the SS309 exposed at 850°C suffered severe scale spallation which is not accounted for, the
material loss during sample transfer was inevitable and unpredictable. In Figure 4.12, the
difference between the gross mass gain and net mass gain indicates the total loss of Cr.03 by
evaporation over the testing period. Obviously, the AluChrom 318 exposure under different
temperatures and water contents showed the smallest difference between the gross mass gain
and net mass gain owing to the excellent Cr retention capability of the alumina scale. In the
case of Inconel 625 exposed at different temperatures (Figure 4.12a), it was observed that the
oxidation rate (gross mass gain) increased when the exposure temperature increased from 650
to 850°C, which marked a complete reversal of the net mass gain. Moreover, the gross mass
gains of Inconel 625 and SS309 were also found to increase with higher water content used in
the oxidising atmosphere. Othman et al. reported that the growth rate of Cr.Os on Fe-17Cr
and Fe-25Cr alloys in wet oxygen was faster than in dry oxygen [183]. This can be explained
by the inward diffusion of OH and H2O in the presence of water vapour since the ionic
radius of OH" is smaller than O%, thereby resulting in a faster effective diffusion of oxygen

through the chromia scale [184-186].
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Figure 4.12 Gross mass gain and net mass gain for (a) Inconel 625, (b) SS309 and (c)
AluChrom 318 isothermally exposed at 650, 750 and 850°C in air + 3% H»O for 168 hours;
Gross mass gain and net mass gain for (d) Inconel 625, (e) SS309 and (f) AluChrom 318
isothermally exposed at 850°C in air containing 1%, 3% and 9% H-O for 168 hours.

4.2.2 Influence of temperature

The negative mass gain of Inconel 625 exposed at 850°C can be directly related to the large
amount of Cr20s3 loss due to evaporation as volatile Cr (V1) species. As mentioned before,
SS309 showed a lower amount of Cr2O3 evaporation than Inconel 625 exposed at 850°C for
the exposure time of 168 hours. At a given temperature, the rate of the evaporation reaction
(Equation 2.12) remains constant for all the different alloys when the exposure atmosphere is
the same (6.0 L/min air + 3% H2O in this work). Stanislowski et al. mentioned that the
kinetics of Cr.Oz evaporation were controlled by the evaporation reaction at the oxide scale
surface [48]. Therefore, the amount of Cr.Os evaporated from an alloy solely depends on the
partial pressure of Cr present on the oxide surface. The lower amount of Cr.Os evaporation
from (Cr,Mn)304 spinel layer is owed to the lower partial pressure of Cr over (Cr,Mn)304
compared to pure Cr203 scale [163]. The formation and growth of an outer (Cr,Mn)304 spinel

top layer is dependent on the outward flux of Mn, and, consequently, it can be inferred that
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the lower Cr evaporation rate of SS309 is related to the alloying element of Mn. It is well-
known that the rate of Mn ion outward diffusion is orders of magnitude faster than that of Cr
ions in Cr,03[92,187]. The faster Mn?* diffusion through the inner Cr.Os layer on the SS309
surface resulted in the rapid growth of a coarse (Cr,Mn)304 spinel layer with high defect
concentration. Hua et al. [100] found that the oxidation rate of the Fe-Cr alloys strongly
depends on the content of Mn in the alloy, suggesting that the fast outward diffusion of Mn?*
in the Mn-containing alloys results in a much higher oxidation rate compared to the Mn-free
Fe-Cr alloys. In the present case, Figure 4.12 shows that the Cr,Os evaporation corrected
mass gain of SS309 is higher than Inconel 625 exposed at 850°C for 168 hours, which
indicates a higher oxidation rate for SS309 than Inconel 625 exposed at 850°C + 3% H20. It
can also be seen in Figure 4.2e that the Cr.Oz evaporation rate of SS309 exposed at 850°C in
3% H20 has a decreasing trend with time, suggesting that the continuous growth of the
(Cr,Mn)304 spinel layer results in a decreased Cr diffusion rate through the oxide scale with
time. Thus, this led to the hypothesis that the positive net mass gain detected for SS309
exposed at 850°C was due to a faster scale growth rate than the Cr.Oz evaporation rate. The
relatively lower oxidation rate of Inconel 625 might relates to the incorporation of Al in the
Cr203 scale. Both Liu et al. and Hou et al. reported that the addition of a low amount of Al (<
1 wt.%) dramatically improved the oxidation resistance of chromia-forming alloys with the
formation of an alumina sublayer [124,188]. In addition, the Cr.O3 evaporation rate of
Inconel 625 exposed at 850°C showed an almost flat trend without decreasing over 168 hours,
meaning the termination of Cr,O3 scale thickening. The rate of Cr.Oz evaporation was much
faster than the scale growth rate of Cr.Ogz, thereby leading to a negative mass gain of the

Inconel 625 exposed at 850°C in air + 3% H-0.
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For Inconel 625 and SS309, the Cr evaporation was dramatically decreased by lowering the
exposure temperature from 850 to 750°C and from 750 to 650°C (Figure 4.2a&b). To further
investigate the influence of temperature on the Cr evaporation behaviour, the activation
energy for the Cr evaporation reaction was calculated using the Arrhenius equation, showing

below:

%2 1 In(4) Equation 4.1

In(k) = -

Where k is the rate constant of a CroOzevaporation reaction, E, is the activation energy, R is
the universal gas constant, T is the absolute temperature and A is the pre-exponential factor.
Figure 4.13 exhibits the Arrhenius plot based on the Cr evaporation data from the non-
isothermally exposed samples (Figure 4.2). The calculated activation energy of the Cr.O3
evaporation reaction was 96 kJ/mol for SS309. This value is in good agreement with the 91
and 92 kJ/mol reported by Falk-Windisch et al. for Cr.O3 evaporation on Sanergy HT and
Crofer 22 H, respectively [163]. However, the calculated activation energy of Cr.0s3
evaporation reaction was 177 kJ/mol for Inconel 625. The Arrhenius plot confirmed that the
effect of temperature on Cr evaporation was more pronounced in the case of Inconel 625, in
comparison with SS309. Falk-Windisch et al. [163] reported the influence of temperatures
(650, 750 and 850°C) on Cr evaporation for Crofer 22 H and Sanergy HT which formed
(Cr,Mn)304 spinel as protective layer for both alloys. They discovered that the amount of
evaporated Cr.O3 was reduced by a factor of 2 to 3 by decreasing the exposure temperature
by 100°C, which is in good agreement with the Cr.Os evaporation data obtained for SS309 in
this work. A reduction of total evaporated Cr.Oz by a factor of 2.8 was obtained for SS309
when the temperature decreased from 850 to 750°C. A factor of 3 decrease was observed
when the temperature decreased from 750 to 650°C. For Inconel 625, by reducing the

temperature from 850 to 750°C, the total Cr.Os loss by evaporation decreased by a factor of 6,
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while the vaporised Cr2Osreduced by a factor of 4 with the temperature decreasing from 750

to 650°C.
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Figure 4.13 Arrhenius plot showing the influence of temperature on the Cr.Os evaporation
rate from Figure 4.2 for SS309 and Inconel 625 in 6.0 L/min air with 3% H>O.

The above discussion also revealed a faster Cr.O3 evaporation rate for SS309 than Inconel
625 at both 650 and 750°C, which was opposite to the Cr.O3 evaporation behaviour observed
at 850°C. Both Inconel 625 and SS309 exhibited a reduced Cr.O3 evaporation rate with time
at 750°C due to the continuous growth of oxide scales on both materials. As shown in Figure
4.12, by compensating for Cr.Oz evaporation a higher gross mass gain was observed for
SS309 exposed at 650 and 750°C, respectively, compared to Inconel 625, indicating a faster
oxidation rate of SS309 than Inconel 625 at both temperatures. However, as the oxide layer
formed on the Inconel 625 was mostly confirmed as a (Ni,Mn)Cr.04 phase by XRD at 750°C,
it can be inferred that the consumption of Cr by evaporation may exceed the resupply from
the alloy base. This would cause the amount of the chromia retained on the Inconel 625
surface to drop below the detection limit of the XRD. For SS309, the consumption of Cr by
evaporation was fast for SS309 but the evaporated Cr could be rapidly compensated for by

diffusion due to the inherent fast formation of the (Cr,Mn)304 spinel. This led to a higher Cr
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partial pressure on SS309 exposed at 750°C than Inconel 625. The formation of both chromia
and spinel phases on the SS309 surface at 750°C was confirmed by XRD as at 850°C.
Furthermore, the top view EDX indicated that the surface on SS309 was covered by a large
amount of crystallites enriched with Mn and Cr along the alloy grain boundaries and on the
sub-micron pores. Thus, the lower partial pressure of Cr on the Inconel 625 surface resulted
in higher reduction of Cr.O3 evaporation when the exposed temperature decreased from 850

to 750°C, in comparison with SS3009.

As temperature decreased to 650°C, the ion diffusion became significantly slower, which
possibly explains the lowest gross mass gain for both materials exposed at 650°C compared
to 750 and 850°C. However, unlike SS309, Inconel 625 exposed at 650°C obtained a much
higher net mass gain than that exposed at 750°C. The high net mass gain was mainly due to
the higher growth rate of the oxide scale compared to the Cr.Oz evaporation rate. However,
the XRD pattern of Inconel 625 exposed at 650°C only showed one peak for the
(Ni,Mn)Cr204 phase without any signal from Cr.Oz. Furthermore, XRD analysis confirmed
the presence of chromia and spinel on the SS309 exposed at 650°C but the intensity was
much lower compared to 750°C. Moreover, the Cr evaporation rate data indicated that the Cr
evaporation rate of Inconel 625 and SS309 exposed at 650°C levelled off at 1.7E-5 and 3.3E-
5 mg/(cm?*h) after the first 24 hours, respectively. The constant Cr,Osz evaporation rates
imply that the solid state diffusion throughout the thin scale formed at 650°C was unlikely to
be the rate limiting step for both alloys. It was pointed out by Neil [61] and Yong [189] that
the diffusion through the thin oxide scale developed in the initial stage of oxidation can be
very fast and that it does not contribute to rate control, whereas a planar phase boundary
process, which is chemisorption of oxygen for oxide formation, might be turned into the rate-

determining step for the Cr.Osz evaporation at 650°C [61,189]. The oxide growth pattern on
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the SS309 exposed at 750°C (Figure 4.6b) confirmed that the appearance of numerous
nucleation sites on the surface and grain boundaries of SS309 exposed at 650°C (Figure 4.6a)
facilitated the fast formation of (Cr,Mn)304 spinel to contribute to Cr evaporation. However,
the Inconel 625 exposed at 650°C lacked these nucleation sites for fast formation of Cr,03 on
alloy surface. In addition, the simultaneously oxidised elements such as Ni, Mn and Mo could
result in a low partial pressure of chromia on the alloy surface, thereby supressing Cr

evaporation of Inconel 625 exposed at 650°C.

In contrast to SS309 and Inconel 625, AluChrom 318 exhibited a decreased trend of total
amount of Cr evaporation with increasing temperature. However, the Cr evaporation rate of
AluChrom 318 only showed a remarkable difference in the first 24 hours as shown in Figure
4.2f. When AluChrom 318 was exposed to high temperature oxidising environment, not only
Al oxidised, but Cr and Fe oxidised simultaneously. For AluChrom 318 exposed at 650°C,
the alumina scale formed during the first 24 hours could be a non-continuous layer which
exposed the simultaneously formed Cr,O3 and Fe»Os to the oxidising environment. As the
temperature increased to 850°C, Al preferentially oxidised over Cr and Fe due to the higher
affinity between Al and O [76,79]. Therefore, the Cr.Os and Fe.Oz formed on the surface
during the furnace heating-up stage were covered by the alumina layer. As shown by the
TEM study in Chapter 5, the alumina scale formed on the AluChrom 318 at 850°C consisted
of an inner a-Al203 layer and an outer metastable alumina layer. A Cr-rich band and Fe-rich
band were observed at the interface between the inner and outer alumina layers. In this case,
the concentration of Cr retained on the oxide surface of AluChrom 318 exposed at 850°C

would be expected to be extremely low.

The kinetics of Cr.Oz evaporation is controlled by the activity of Cr.Os3 (evaporation reaction)

on the surface in the first 24 hours [48]. Subsequently, the Cr evaporation rate rapidly
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decreased to a similar level for AluChrom 318 exposed at the three different temperatures.
The dramatic decrease of Cr evaporation rate of AluChrom 318 at all temperatures after 24
hours implied the change of Cr evaporation kinetics. For AluChrom 318 exposed at 850°C,
the Cr diffusion through the oxide scale became the rate-determining step for the Cr
evaporation once the partial pressure of Cr became low at the surface. The oxide scale on
AluChrom 318 formed at 650°C was formed with a low thickness but the rates of Cr.O3
evaporation and oxide formation reactions were also significantly low at that temperature.
Although the rate of evaporation reaction at 850°C was much faster than that at 650°C, Cr
diffusion through the thick alumina scale formed on the AluChrom 318 at 850°C was
extremely low. It has been reported that the solubility of Cr in a-Al:Oz is only a few
percentages at 900°C [136]. In the present case, the exposure temperature (850°C) was lower
and the solubility of Cr®* in the bottom a-Al.Os scale was expected to be lower than that
reported at 900°C. It is, therefore, reasonable to see the Cr,Ozevaporation rate of AluChrom

318 exposed to the three different temperatures decreased to a similar level after 24 hours.

4.2.3 Influence of water content

The Cr evaporation data in Figure 4.3d-e exhibits a direct relation between the water content
in the exposure atmosphere and the amount of Cr.O3 evaporated from the alloys; higher water
content was seen to result in a higher amount of Cr.Os evaporation for the alloys exposed at
the same temperature. One should bear in mind that the humidified air used in this work was
applied when the tested samples inside the furnace reached the programmed temperature
(850°C in this study). The same activity of Cr was obtained on the surface of one type of
alloy before the different water-containing environments were applied. The Cr203
evaporation rate of the alloys exposed at constant temperature would solely depend on the

partial pressure of water when the partial pressures of Cr.Osand O2 were fixed. Likewise, it
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is reasonable to assume that if the amount of Cr.O3 present on the oxide surface is high
enough, the amount of evaporated Cr.Os would increase with increasing water content in the
exposure environment. This assumption was strongly supported by mass change and Cr203
evaporation data of Inconel 625 and SS309 with both materials found to have an increased
Cr203 evaporation with the water content increased from 1% to 9%, which gave rise to a

declining trend of mass change for both materials.

By compensating for Cr.Oz evaporation, the growth rate of (Cr,Mn)304 spinel on SS309 was
higher than the pure Cr.Oz on Inconel 625 at different water contents in the present study.
Moreover, as was expected, the Cr.Osr evaporation rate of Inconel 625 was observed to be
higher than that of SS309 exposed in 1%, 3% and 9% H-O, respectively, due to the partial
pressure of Cr presented on the pure Cr.O3 surface being higher than that on the (Cr,Mn)304
spinel [48]. After 168 hours, Inconel 625 only showed positive net mass gain when it was
exposed to a 1% H,O-containing environment, suggesting a higher scale thickening rate than
the Cr2Oz evaporation rate. In contrast, a much higher mass loss was obtained for Inconel 625
exposed in 9% H>O compared to that exposed in 3% H>O, owing to a much higher Cr.03
evaporation rate than the growth rate of the oxide scale under this condition. It has been
shown that the chromia scale grown in 9% H>O-containing atmosphere was much thinner
than that formed in 1% H>O-containing atmosphere (Figure 4.10). Thus, it can be inferred
that the water vapour present in the oxidising environment contributed much more to Cr.03
evaporation and less to oxide growth. Compared to Inconel 625, the growth of (Cr,Mn)304
spinel on SS309 was much less affected by Cr.Osz evaporation, thereby resulting in a positive
mass gain of SS309 even under the severest condition of 9% H,O. In addition, the thickness
of the (Cr,Mn)304 spinel formed on the SS309 exposed in 9% H»>O-containing atmosphere

was found to be comparable to that established in 1% H»>O-containing atmosphere. This is
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because the large loss of Cr.Os by evaporation was quickly compensated for by outwards
diffusion of Cr to maintain the stoichiometric structure of (Cr,Mn)304 spinel over the tested
period [48]. It can be proven by XRD analysis that no peak for MnOx or Fe1.xMnxOz phases

was detected in the XRD spectrum of SS309 exposed in 9% H,O after 168 hours.

The increased amount of Cr.Os evaporation with water content was also detected for
AluChrom 318 exposed at 850°C. However, similar to the Cr.Oz evaporation rate
investigated under different temperatures, the Cr.O3z evaporation rate of AluChrom 318
exposed in different water content also only exhibited a remarkable difference in the first 24
hours. As stated above, the Cr partial pressure on the AluChrom 318 surface would be at the
same level when samples in the furnace just reached the target temperature before applying
the humidified air to the environment. The Cr.Os evaporation rate during the first 24 hours
was controlled by the partial pressure of water vapour in the applied atmosphere. Thus, the
AluChrom 318 exposed in higher water vapour containing environment promoted higher
Cr203 evaporation during the first 24 hours. Moreover, the AluChrom 318 exposed in 9%
H20 seemed to take less time to reduce the rate of Cr.O3 evaporation to a stable state than
those exposed in 1% and 3% H.O at 850°C. Once the Cr.O3 evaporation rate was stabilised,
the evaporation of Cr.Oz from AluChrom 318 started to be controlled by the rate of Cr
diffusion through the alumina scale due to the fast growth rate of alumina scale at 850°C. Liu
et al. [136] reported the nucleation of the inner a-Al,O3 on the isostructural Cr.Os and the
formation of the outer y-Al203 on Kanthal AF exposed in dry and wet Oz at 900°C for 24
hours. As detected in Figure 4.12f, the net mass gains of the AluChrom 318 exposed under
different water content were similar to one another, indicating that water vapour presented in
the exposure environment had no effect on the oxidation behaviour of AluChrom 318

exposed at 850°C. Thus, it is possible to see that the Cr.Oz evaporation rate of the AluChrom
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318 exposed at different water content levelled off at a similar level after 168 hours when the
Cr diffusion through the oxide scale became the rate-determining step for Cr.Os evaporation.
The additional work performed on the AluChrom 318 exposed in dry atmosphere (6.0 L/min
air only) revealed a net mass gain of 0.120 mg/cm? after 168 hours, which was very close to
the gross mass gains of the AluChrom 318 exposed in 1%, 3% and 9% H>O-containing
environments. However, several studies have confirmed that the oxidation of alumina-
forming alloys shows higher mass gain and more formation of metastable alumina in wet
atmosphere compared to dry atmosphere [125,135,136,152,153,155,158,190,191]. Engkvist
et al. [158] investigated the corrosion behaviour of Kanthal APMT in dry Oz and Oz + 40%
H>O for 72 hours at 900, 1000 and 1100°C. Gotlind et al. [152] measured the mass gain of

Kanthal AF after exposure in both dry Oz and O2 + 40% H.O at 900°C for 168 hours.
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Figure 4.14 Mass gain curves of (a) Kanthal APMT exposed in 5% O + 95% N2 and 5% O
+ 55% N2 + 40% H>0 at 900-1100°C for 72 hours [158] and (b) Kanthal AF oxidised in O2
and O + 40% H-0 at 900°C for 168 hours [152].

The gravimetrically measured mass gains from Engkvist et al. and Gotlind et al.’s studies are
presented in Figure 4.14. It is worth noting that even when 40% H>O was applied in the
oxidising environment in their studies, the excess mass gain caused by water vapour was still
extremely small. In the present case, the amount of water vapour applied in the atmosphere

was much lower and so the influence of the water vapour on the oxidation behaviour was,
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thus, expected to be negligible. Kvernes et al. [125] reported that the oxidation of Fe-13Cr-
4.4Al alloys was not significantly dependent on the humidity level in the air once the
continuous Al>Os scale was formed at 680, 820 and 920°C. This reveals that the water vapour
might have had a more significant effect on the initial stages of oxidation and influence the
stability of the metastable alumina rather than the transport process in the protective a-Al203
scale once it was developed [190]. In this study, the prior formed alumina scale during the
furnace heating process to 850°C might have also prohibited the observation of the effect of

water vapour on the growth of the alumina scale on the AluChrom 318 surface.

4.3 Conclusions

This work focused on the effect of the exposure temperature and water content on the
oxidation behaviour and Cr.O3 evaporation of Inconel 625, SS309 and AluChrom 318.
Inconel 625 showed higher Cr evaporation than SS309 exposed at 850°C in 3% H-O due to
the higher partial pressure of Cr presented on the pure Cr203 than the (Cr,Mn)3O4 spinel. The
Cr203 evaporation was dramatically reduced with lower temperatures for Inconel 625 and
SS309. However, by lowering the temperature by 100°C, a more pronounced reduction in
Cro03 evaporation was detected for Inconel 625 than for SS309. SS309 was found to
demonstrate a higher oxidation rate than Inconel 625 at both 650 and 750°C, which resulted
in a higher Cr partial pressure on the SS309 surface. The AluChrom 318 showed the lowest
CroOz evaporation level at all the investigated temperatures among the three tested materials.
However, a higher Cr.Oz evaporation was observed for AluChrom 318 when it was exposed
at lower temperature. The highest Cr,Oz evaporation of AluChrom 318 exposed at 650°C
occurred because the alumina scale formed at low temperature could not cover the

simultaneously formed Cr20:s.

102



The major effect of water vapour on the three tested materials was the enhanced evaporation
of Cr.03 with higher water content applied in the oxidising atmosphere. At 850°C, the
amount of evaporated Cr.Os from the alloys exposed in the same humidity level
corresponded to the Cr partial pressure on the surface, as follows: Cr20z (Inconel 625) >
(Cr,Mn)304 spinel (SS309) > AlOs (AluChrom 318). When the net mass gains were
compensated for the Cr evaporation, it was observed that the water vapour slightly increased
the growth rate of the Cr.Oz and (Cr,Mn)304 spinel formed on the Inconel 625 and SS309.
However, no evidence was observed that the growth rate of the protective alumina was
influenced by the presence of water vapour in the oxidising atmosphere for the tested period

in this study.
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Chapter 5 — The effect of aluminium addition on the high temperature
oxidation behaviour and Cr evaporation of aluminised and alumina-

forming alloys for SOFC cathode air pre-heaters*

The previous chapter confirmed that the AluChrom 318 showed the best anti-corrosion
performance and Cr retention ability under different temperatures and water content due to
the formation of an alumina scale as protective layer. For material optimisation, a protective
alumina layer was applied on the SS309 surface by coating the alloy surface with pure
aluminium and subsequently oxidising. This research was conducted to investigate whether
the corrosion resistance and Cr.Oz evaporation performance of SS309 can be improved by
surface aluminising. Thus, the purpose of this chapter is to quantitatively measure the Cr(V1)
species evaporated from uncoated SS309, aluminised SS309 and AluChrom 318 by means of
the denuder technique at the temperature of 850°C. In addition, the suitability of aluminised
and alumina-forming high-Cr alloys for CAPH application concerning the reduction of Cr203

evaporation will be discussed.

* This work was published in ECS Transactions <K. Zhang, J.E. Hong and R. Steinberger-Wilckens. ECS Trans.,
78 (2017) 1641-1651> and Corrosion Science <K. Zhang, A. El-kharouf, J.E. Hong and R. Steinberger-
Wilckens. Corros. Sci., 169 (2020) 108612>.
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5.1 Results

5.1.1 Mass measurements

The isothermal oxidation kinetics, represented by the mass gain as a function of time for
SS309, aluminised SS309 and AluChrom 318 exposed at 850°C with a flow of 6.0 L/min air
(3% H20) for 2500 hours are presented in Figure 5.1a. Figure 5.1b shows the plot of mass
gain rate as a function of time. Up to 500 hours, the SS309 showed a roughly parabolic
oxidation behaviour with a mass gain of 0.079 mg/cm?. However, the sample revealed an
abrupt mass loss up to 2500 hours. The aluminised SS309 showed a rapid mass gain of
0.160 mg/cm? up to 1000 hours, displaying a much higher mass gain rate than that of
uncoated SS309 due to the fast and direct reaction between Al and O during the initial
oxidation. However, the aluminised SS309 started to suffer a mass loss after 1000 hours
exposure mainly because of the exfoliation of the formed alumina scale. The AluChrom 318
with 3.58 wt.% of Al content exhibited a continuous mass increase over 2500 hours with an
ultimate mass gain of 0.202 mg/cm?, with oxidation kinetics following a parabolic law. No

mass loss was observed, implying a continuous growth of alumina scale on the alloy surface.

5.1.2 Cr203 evaporation

The results of the time resolved Cr.Os evaporation tests are presented in Figure 5.1c. Figure
5.1d shows the plot of Cr.Os evaporation rate as a function of time. A total value of 0.0078
mg/cm? evaporated Cr,O3 was recorded for aluminised SS309 after 168 hours exposure,
0.0028 mg/cm? was obtained for the AluChrom 318, whereas the bare SS309 had a total value
of evaporated Cr.0s of 0.064 mg/cm? after the same oxidation time. The aluminised SS309
showed a slight increase in the rate of Cr.Oz evaporation with time. This phenomenon was

caused by spallation of the formed alumina scale which will be discussed later in the section
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of microstructure analysis. However, the Cr.Oz evaporation rate of AluChrom 318 decreased

with time because of the increase of alumina scale coverage on the alloy surface.
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Figure 5.1 (a) Discontinuous mass measurements and (b) mass gain rates as a function of
time for SS309, aluminised SS309 and AluChrom 318 in 3% H->0O humidified air at 850°C for
2500 hours; (c) Accumulated Cr203 evaporation and (d) Cr.O3 evaporation rates as a function
of time for SS309, aluminised SS309 and AluChrom 318 exposed to 3% H>O humidified air
at 850°C for 168 hours.
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Figure 5.2 SEM top view and EDX mapping of SS309 exposed at 850°C in air + 3% H.O for
(a) 100 and (b) 1000 hours.

5.1.3 Microstructural investigation

5.1.3.1 SS309

Figure 5.2 shows the results of microstructure evolution on SS309 oxidised for 100 and 1000
hours at 850°C in air with 3% H>O. EDX mapping analyses were conducted on both 100 and
1000 hour exposed samples. XRD patters of SS309 oxidised for 0, 100, 500, 1000 and 2000
hours at 850°C in air with 3% H2O are displayed in Figure 5.3. Oxide scale spallation was
already observed on SS309 after 100 hours of oxidation (Figure 5.2a). EDX mapping of
SS309 after 100 hours of oxidation revealed that the cracked surface oxides were composed
of a high concentration of Cr, Mn and O with traces of Fe. The edges of the spalled areas,
which were located below the porous top scale, contained exclusively Cr and O. In Figure 5.3,
the formation of a MnCr.QO4 spinel top scale and Cr.O3 sublayer was confirmed by XRD after
100 hours exposure. The top scale of MnCr204 spinel showed a very porous structure, while
the Cr203 sublayer appeared to be relatively dense. An enrichment of Si was observed on the

rear side of the exfoliated scale (metal/oxide interface). An EDX study (Table 5.1) pointed
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out that the spalled area beneath the oxide scale contained very high amounts of Fe, Cr and
Ni, which can be generally described as (Ni, Fe, Cr)-phase. However, the formula of the (Ni,
Fe, Cr)-phase cannot be identified by XRD measurement due to insufficient surface coverage.
EDX maps on the front and rear sides of the spalled oxides in Figure 5.2a showed a layered
structure from the alloy/oxide interface to the outer oxide surface: Steel/SiO2/Cr20s/
MnCr204. With the oxidation progressing to 1000 hours, more oxides spalled off and the
underlying (Ni, Fe, Cr)-phase region considerably increased in size compared to the 100
hours sample, as can be seen from Figure 5.2b. Point EDX analysis performed on the old
spalled area (Table 5.1) revealed that the (Ni, Fe, Cr)-phase was gradually replaced with (Fe,
Cr)-rich oxide with high oxygen intensity. XRD analysis conducted on the sample exposed

for 2000 hours confirmed the presence of Cry.3Feg70s3.
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Figure 5.3 XRD patterns of SS309 after oxidation at 850°C in air with 3% H20 (6.0 L/min)
for 0, 100, 500, 1000 and 2000 hours.
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Table 5.1 EDX point analysis on the indicated spots in Figure 5.2.

at.% O Fe Cr Ni Mn C Si S P
1 16.03 48.63 14.62 6.99 1.73 9.44 2.36 0.13 0.07
2 39.07 32.54 13.79 4.35 1.46 6.6 2.1 0.09 0
3 57.14 12.19 19.37 1.22 3.59 4.05 1.29 0.08 0

Silica
sublayer

Spalled

spinel layer

Steel

Figure 5.4 SEM cross-sectional images of SS309 after exposure to humidified air at 850°C
for 1000 hours with the corresponded EDX maps.

Figure 5.4 shows the SEM/EDX maps on the cross-section of the bare SS309 exposed to
humidified air at 850°C for 1000 hours. It suggests that, compared to the steel base, there
were higher concentrations of Cr, Mn and O in the oxide scale, suggesting that the oxide
scale mainly consisted of MnCr204 spinel phase. Si was found to be accumulated at the alloy
and oxide interface, but the silica layer was discontinuous and porous. However, it is difficult
to distinguish the Cr.03 from the (Cr,Mn)304 layer but XRD confirmed the presence of
MnCr204 phase and Cr.03 phase. The inner Cr.O3 layer might be polished off during the
sample preparation for cross-section analysis. It was easily seen that the oxide layer formed
on the bare SS309 surface was poorly adherent and discontinuous, which meant that the
microstructure analysis on the cross-section was difficult using the mechanically polished

specimen [99]. Thus, the cross-sectional structure of the oxide scale on SS309 was
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benchmarked against the layered structure found on the spalled oxides on the surface

micrograph (Figure 5.2).
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Figure 5.5 SEM top view of aluminised SS309 exposed at 850°C in air + 3% H-O for (a) 100
and (b) 1000 hours. EDX mapping showing the element distribution on Figure 5.5b.

5.1.3.2 Aluminised SS309

The SEM micrographs of the aluminised SS309 exposed at 850°C in air with 3% H2O for
100 and 1000 hours are shown in Figure 5.5. EDX maps in Figure 5.5 show the element
distribution on the micrograph of the aluminised SS309 oxidised for 1000 hours. Figure 5.6
displays the XRD patterns of SS309 oxidised in air with 3% H>O for 100, 500, 1000 and
2000 hours. For aluminised SS309, after 100 hours of oxidation, the sample surface appeared
to be completely covered by a wrinkled alumina scale with ramiform and polygonal MnO>
crystals randomly distributed along the scale wrinkles (Figure 5.5a), as confirmed by EDX
analysis. Heating up in air prompts the aluminium coating to react with oxygen, leading to
formation of an alumina scale on the alloy surface. Significant scale spallation was visible in
the aluminised SS309 when the oxidation time increased to 1000 hours. There are two types
of spalled areas observed in Figure 5.5b. One was a (Ni, Fe, Cr)-phase with a number of large
pores, and some of the large pores were about to be filled with (Cr, Mn)-spinel oxides as

confirmed by EDX in Figure 5.5b-4. Another type of the spalled area (Figure 5.5b-3) showed
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a strong intensity of Cr and Mn in EDX maps, which coupled with XRD results in Figure 5.6,
illustrating the internal growth of a foam-like (Cr, Mn)-spinel phase which broke out through
the alumina scale. Moreover, the EDX maps also disclosed that the residual (Cr, Mn)-spinel
oxide was stuck to the rear side of the spalled alumina scale (Figure 5.5b-1). Despite this, a
substantial amount of Mn migrated to the alloy surface throughout the alumina scale,
resulting in a further growth of tree-like MnOz. According the XRD analysis in Figure 5.6,
the diffraction peaks for spinel oxides and MnO- can be easily detected on the spectrum of
2000 hours. This can be explained by the severe delamination of the alumina layer on the
aluminised SS309 surface. However, XRD could not identify any alumina phase on
aluminised SS309 at different exposure time. This is due the high intensity alumina peaks
overlapping with peaks from o-FeCr phase, and the low intensity alumina peaks merging in
with the background of the XRD patterns. However, both surface and cross-sectional EDX

element maps confirmed the formation of an alumina scale on the SS309 surface.
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Figure 5.6 XRD patterns of aluminised SS309 after oxidation at 850°C in air with 3% H>0
(6.0 L/min) for 0, 100, 500, 1000 and 2000 hours.

111



10 pm < 4
7218
Internal oxidation of

(Cr,Mn)-spinel in the
big void

Figure 5.7 SEM cross-sectional images and EDX mapping of aluminised SS309 after
exposure to humidified air at 850°C for 1000 hours.

The cross-sectional image of aluminised SS309 presented in Figure 5.7 was selected at the
location where all the features present on the surface can be seen in the SEM image (Figure
5.5b). On the top half part of the cross-sectional image, the discontinuous scale containing Al
and O after 1000 hours exposure is shown, confirming the presence of the alumina scale.
Large Mn-rich oxide grains were present in the external part of the alumina scale,
corresponding to a fast outward growth of the tree-like MnO; in Figure 5.5b. The fast Mn
outward diffusion resulted in a void formation underneath the alumina scale. The underlying
voids connected to each other, leading to the formation of a gap between the base alloy and
the alumina scale. Additionally, the void was found to be filled with (Cr, Mn)-rich spinel
oxides right below the external tree-like MnOz. In the middle part, the oxide scale had a
duplex structure with an outer alumina scale and an inner (Cr, Mn)-spinel scale, indicating
the internal growth of (Cr, Mn)-spinel via oxygen inward diffusion. The bottom half of the
scale which corresponded to alumina scale exfoliation was occupied by a Cr and Mn enriched
spinel layer, as indicated by EDX mapping. Additionally, the aluminised SS309 showed the
formation of polygonal precipitates beneath the oxide scale with a relatively higher
concentration of Al and N (Figure 5.7), indicating that the precipitation of AIN occurred
during the high temperature oxidation. In Figure 5.8, the cross-sectional SEM of aluminised
SS309 exhibited numerous diamond-shaped features enriched with Ni and Al after 100 hours

exposure. Combined with the XRD spectrum for aluminised SS309 after 100 hours exposure,

112



the results suggest that the NiAl precipitates had formed close to the metal and oxide

interface after 100 hours of oxidation [192].
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Figure 5.8 Cross-sectional SEM image and EDX mapping of aluminised SS309 after 100

hours exposure at 850°C in air with 3% H,O environment.

Figure 5.9 SEM top view of AluChrom 318 exposed at 850°C in air + 3% H.O for (a) 100
and (b) 1000 hours. EDX linescan along the line indicated in Figure 5.9b. EDX mapping

showing element distribution on Figure 5.9b.

5.1.3.3 AluChrom 318

Figure 5.9 demonstrates the surface microstructure of the AluChrom 318 exposed at 850°C in
air with 3% H>0O for 100 and 1000 hours. The XRD spectrums for AluChrom 318 exposed at
850°C for 100, 500, 1000 and 2000 hours are shown in Figure 5.10. It can be seen that a
relatively thin oxide film was observed containing numerous white spots randomly
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distributed on the surface of AluChrom 318 after 100 hours exposure (Figure 5.9a). The
surface of AluChrom 318 with the exposure time of 1000 hours revealed two distinct alumina
zones in Figure 5.9b, chequered with globular and long-ridged alumina with dark grey colour
and plane (flat) alumina with light grey colour, while a small amount of the fine-size white
particles were still found to penetrate the oxide scale and mostly were distributed on the top
of the ridged alumina scale. EDX line scanning (Figure 5.9b-3) showed that the ridged oxides
contained extremely high concentration of Al and O, indicating that a dense surface scale of
Al>;0O3 was formed. The concentration of Al and O in the plane region was found to be lower
than that in the ridged region but still with higher concentration than all other elements,
which means that the plane region was covered with a relatively thinner alumina scale.
Unexpectedly, the alumina phase could not be detected on the XRD spectrums for AluChrom
318 obtained by either XRD (Figure 5.10) or GI-XRD (not shown). The presence of a Fe2Nb

Laves phase in the steel was confirmed by XRD.
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Figure 5.10 XRD patterns of AluChrom 318 after oxidation at 850°C in air with 3% H20 (6.0
L/min) for 0, 100, 500, 1000 and 2000 hours.
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Figure 5.11 (a) STEM cross-sectional image and EDX mapping of AluChrom 318 exposed at
850°C in air + 3% H,O for 1000 hours; (b) EDX linescan along the line indicated in Figure
5.11a.

Figure 5.11 shows the STEM and EDX results measured on the cross-section of AluChrom
318 oxidised for 1000 hours at 850°C in humidified air, which was prepared using a FIB in-
situ lift-out technique [151]. The oxide scale formed on AluChrom 318 had a duplex structure
with aluminium as dominant cation in both layers, and the outer scale made up about 90% of
the total thickness. Moreover, the thick outer layer with a semi-circular shape corresponded
to the ridged alumina detected on the surface SEM images (Figure 5.9b). The EDX mapping
showed a narrow and straight Cr-rich band in the inner oxide layer, just below the interface to
the bottom oxide. Apart from Cr, this band was also enriched with Fe. Quantitative
STEM/EDX linescans obtained from the oxide scale are shown in Figure 5.11b. EDX point

analysis on the indicated spots in Figure 5.11a is shown in Table 5.2. The linescan result
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exhibits four different regions in the scanned area. Region | was situated close to the
gas/scale interface and contained a high level of Al (37.98 wt.%) and O (58.85 wt.%) (Spot 1).
Region Il had relatively higher in Cr (3.42 wt.%) and Al (40.79 wt.%) levels which
corresponded to the Cr-rich band (Spot 3) and inner alumina scale (Spot 4), respectively.
Region 111 was located at the Laves phase and contained a high level of W (47.47 wt%) and

Nb (18.65 wt.%), with some Fe (22.62 wt.%) and Cr (8.21 wt.%) (Spot 6).

Table 5.2 EDX point analysis on the indicated spots Figure 5.11a.

at.% 1 2 3 4 5 6
0 70.93 69.07 68.31 68.45
Al 27.25 26.11 24.86 29.52 9.57 1.64
Si 1.44 4.57 6.65 1.86 2.00 7.79
cr - - 0.07 0.06 29.32 14.01
Fe 0.38 0.25 0.12 0.11 59.10 35.83
Nb - - - - - 17.79
W ] ; ; - - 22.93

Total 100 100 100 100 100 100

The cross-section TEM bright field image of AluChrom 318 is displayed in Figure 5.12.
Again, two distinctive alumina scales can be observed. The Fe:Nb particles were found to
penetrate the inner alumina scale and move up to the gas/oxide interface. In order to
determine the phase composition of both layers, which consisted of oxide grains on the
nanometre scale, convergent beam electron diffraction (CBED) was carried out on both oxide
scales. Unfortunately, neither CBED could confirm the phase composition of the alumina
scales formed on AluChrom 318. The undetectable diffraction phase of both inner and outer
alumina scales could be potentially caused by two reasons: 1) the oxide grains in both inner

and outer scales are amorphous; 2) the oxide grains in both inner and outer scales have an
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extremely small size. The research carried out by the Swedish High Temperature Corrosion
Centre (HTC) reported the effect of water on the oxidation status of the FeCrAl alloy Kanthal
AF [136,151,152]. Kanthal AF was exposed at 900°C for 1, 24, 72 and 168 hours in both dry
Oz and Oz + 40% H20. The TEM CBED results obtained indicated that the oxide scales
showed a double-layered structure including an inward-growing bottom layer of a-Al>O3 and
an outward-growing upper layer of y-Al,O3 with Cr-rich band in the middle, indicating the
original metal/gas interface. The well-developed two-layered scale structure observed after
1000 hours exposure in the research reported here was quite comparable to the multi-layered
oxides obtained by researchers from HTC. Therefore, in the current work, it is assumed that

the outer and inner oxide layers formed on AluChrom 318 surface are y- Al20zand a-Al>O3,

respectively.

Figure 5.12 TEM bright field cross-sectional images of the duplex alumina scales on the
AluChrom 318 exposed at 850°C in air + 3% H>O for 1000 hours.
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5.2. Discussion

5.2.1 Corrosion and Cr20sevaporation of SS309

In this study, the corrosion behaviour of SS309 in oxidising environment with the presence of
water vapour can be directly correlated to the Cr.Os evaporation and scale spallation. The
relatively low parabolic mass gain of bare SS309 up to 500 hours, in comparison to all the
investigated materials can be accredited to Cr203 loss because of the steam induced Cr20s
volatilisation in the form of CrO2(OH).. The parabolic trend before 500 hours corresponded
to a higher oxidation rate than the Cr.Oz evaporation rate. The mass loss by Cr.0s3
volatilisation can be rapidly compensated by the oxidation of a larger amount of Cr diffused
outwards from the alloy, resulting in a balance of mass gain. The large amount of continuous
chromium loss by evaporation could be a possible reason for the formation of a porous
MnCr204 top layer on the SS309 surface. However, Sachitanand et al. [99] reported that a
higher concentration of the alloying element Mn in the alloy resulted in a lower Cr
evaporation rate due to the formation of a compact and thick spinel layer of MnCr204. By
comparing the obtained data with the aforementioned work [99], the SS309 in this research
exhibited a Cr evaporation level which was comparable to the E-brite steel with 0.08 wt.%
Mn (the lowest Mn content of the investigated alloys in their work) which had the highest Cr
leakage under the exactly same exposure conditions. Thus, it can be inferred that stainless
steels containing Mn in a critical range of 0.3 to 0.5 wt.% develop a well adhering MnCr204
spinel top layer above the Cr2O3 layer at 800 and 850°C, and that the rate of Cr vaporisation
for those alloys is 2 to 3 times lower than for alloys that form a non-continuous MnCr2O4top
layer. In this research work, the transportation of chromium through the porous MnCr,04
spinel scale with high defect concentration [193] formed on the SS309 surface was fast,

meaning that the vaporised Cr could be rapidly replaced by the quick grain boundary
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diffusion of Cr from the substrate [194,195], leaving plenty of cation vacancies in the alloy
grain boundaries [48]. During further oxidation, the vacancies within the grain boundaries in
the steel base connected with each other to form cracks and even big gaps among alloy grains.
Eventually the oxide scale detached and this resulted in the cracked surface. The serious mass
loss noted for uncoated SS309 after 500 hours was due to a combined action of scale
spallation and Cr vaporisation. The main reason for the poor adhesion of the oxide scale can
be accredited to the formation of a silica sublayer beneath the Cr2Os/ MnCr,04. EDX maps of
the reverse side of the spalled scale (Figure 5.2a) show a high intensity of Si at the
metal/oxide interface, indicating the internal precipitation and oxidation of Si. Silica has a
much lower TEC than Cr.Oz and steel, which is recognised as detrimental for scale adhesion.
A poor adherent (Cr,Mn)304 spinel scale was also detected on AISI 441 in Grolig et al.’s
study due to the insufficient amount of Nb-enriched Laves phases to bind silica [175].
Spallation of oxide scales allows air (oxygen) access to the underlying Ni-enriched and Cr-
depleted alloy. In the spalled region, internal oxidation of Ni-containing (Fe, Cr, Ni)-spinel
oxides was evidenced by EDX (Figure 5.2a). With the oxidation continuing, the fast-outward
Fe and inward O diffusion led to the transformation from the non-protective (Fe, Cr, Ni)-
spinel oxides to the stronger Fe-enriched Cri3Feo704 as healing layer. This was detected in

the EDX maps (Figure 5.2b) and XRD (Figure 5.3).

5.2.2 Corrosion and Cr203 evaporation of alumina formers

5.2.2.1 Alumina formation

As mentioned before, the oxidation of AluChrom 318 leads to the formation of an oxide that
consists of two subscales with a Cr-band which separates the top and bottom parts of the
scale. The high mass gain rate in the initial stage corresponds to the rapid growth of the top
metastable alumina by Al outward diffusion during the furnace heat-up process. Meanwhile,
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this initial oxidation is accompanied by decomposition of the hydroxylated air-formed oxide
film to form the mixture of chromium oxide and iron oxides which indicates the original steel
surface [136,152]. The formation of the bottom a-Al2O3 layer in AluChrom 318 seems to
have been favoured by the isostructural corundum-type oxides (Cr.0z and Fe2O3z) produced in
the metal/oxide interface by acting as nucleation sites where Al can incorporate [136]. During
this oxidation period, Al diffuses outwards, nucleates on the isostructural corundum oxides,
and then rapidly turns into the dominant cation to form a continuous alumina layer (stable
stages) on the surface [152]. The position of the Cr-rich band in the outer part of the lower
oxide suggests that the a-Al>,O3 grains have nucleated close to the original sample surface and
have grown predominantly inwards. When a dense layer of a-Al>Oz is formed, the outward
growth rate of the outer y-Al.Oz is expected to dramatically slow down since the outward
diffusion rate of aluminium cation decreases [196]. This oxide growth pattern of AluChrom
318 is also in agreement with the parabolic relation found for the gravimetric analysis. As
mentioned earlier, the FeoNb particles were found to penetrate the inner a-Al2O3 scale and
stay on the top of the ridged alumina. Meanwhile, this barrier penetration process of FeaNb
particles may generate pores in the inner a-Al2O3 scale. Hence, the aluminium from the steel
base was found to erupt from the pores to the scale/gas interface in all the directions to react
with oxygen and build the thick outer alumina scale. The eruption path for aluminium
outward diffusion is still clearly visible over the FeaNb particles that already broke through
the inner alumina scale in Figure 5.12. This volcanic eruption growth pattern results in the
formation of alumina in globular shape. Subsequently, the adjacent globular alumina scale
grew larger and joined together to form the long ridged alumina, as detected in Figure 5.9b.
As discussed above, the y-Al203 in the outer oxide layer is assumed to be metastable and is
thus expected to transform to a-Al>Os with time when exposed to oxygen. However, the

presence of water vapour was found to stabilise the y-Al.O3 phase, thereby inhibiting its
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phase transformation to the stable a-Al>Os and, resulting in the formation of a duplex

structure of a thick y-Al>O3 scale over an extremely thin a-AlO3 scale [136,152].

However, the third element effect of chromium oxide for a-Al203 nucleation on aluminised
SS309 is not yet clear. The growth mechanism of the alumina scale on aluminised SS309
clearly differs from the observed duplex alumina scales formed on AluChrom 318. During
exposure, the aluminium coating on the alloy surface evolved in the following processes: (1)
quick reaction with oxygen to form a continuous alumina layer accompanied with Al inward
diffusion to the inner substrate and (2) Al outward diffusion to form and/or re-heal the
alumina scale. For the former case, the fast oxidation of Al in the initial stage of exposure
with a relatively fast parabolic rate corresponded to the rapid growth of a metastable alumina
scale to produce a continuous layer due to the low temperature requirement for growth [197].
The inward diffusion of Al into the substrate combined with Ni, thereby promoting the
formation of the intermetallic compound NiAl. The formation of NiAl can be accredited to
the low diffusivity of Al in the alloy, confirming the typical reservoir behaviour for
maintaining the supply of Al for the further growth of the alumina layer [192]. For the latter
case, the further thickening of the outer alumina scale took place at the expense of the NiAl
precipitates close to the alloy/oxide interface [198]. The decrease in the oxidation rate during
further oxidation was probably associated with the prolonged diffusion path for the dominant
Al outward transport to the gas/scale interface due to the continuous alumina scale thickening.
However, Figure 5.7 shows that the NiAl denuded zone beneath the scale layer was no longer
detectable after 1000 hours oxidation, compared to a large amount of NiAl denuded zones
detected after 100 hours oxidation in Figure 5.8. This confirms that the NiAl precipitates
underlying the denuded zone were not able to maintain the supply of Al to the oxidation front,

resulting in the termination of the alumina scale thickening after 1000 hours exposure. In
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addition, comparing the cross-section for the 100 hours (Figure 5.8) and 1000 hours (Figure
5.7) exposure, shows that the AIN precipitates had grown remarkably in size with the
increase of exposure time. Therefore, it can be suggested that the aluminium in the NiAl
denuded zone which were supposed to contribute to the growth of the outer alumina scale had
been preferentially captured by the nitrogen impurity (0.11 wt.%) to form AIN in the inner

zone of the alloy.

5.2.2.2 Cr,03 evaporation

The AluChrom 318 and aluminised SS309 showed 95% and 88% reduction in Cr203
evaporation compared to the bare SS309, respectively. This confirmed the excellent Cr
retention ability of the formed alumina scale acting as an effective Cr barrier. The alumina
scale restrained the surface chromium evolution through restraining the ionic mobility of
chromium and oxygen through the alumina grain boundaries [29], thus causing a significant
reduction in Cr.Oz evaporation. In the first 24 hours of Cr leakage detection, AluChrom 318
showed a higher Cr.O3 evaporation rate than the aluminised SS309. For AluChrom 318, the
high Cr.O3z evaporation rate in the first 24 hours was derived from the transient Cr.O3 formed
in the initial stage at the gas/metal interface, leading to the slightly higher Cr.Os evaporation
before the eventual development of the continuous alumina layer [117]. The rapid formation
of the alumina scale on the aluminised SS309 by direct reaction between the aluminium
coating and oxygen accompanied by the inward diffusion of aluminium into the alloy matrix
resulted in a lack of exposure of Cr.O3 crystals, thereby leading to low Cr.Oz evaporation in
the initial stage. However, the denuder technique revealed that the alumina scale formed on
AluChrom 318 possessed a better Cr retention ability compared to that formed on the
aluminised SS309. Fe®*" and Cr®* are not expected to diffuse into the oxide scale after the

formation of a continuous Al,Os scale. The solubility of Fe** and Cr® in o-AlOs is
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considered to be extremely low at temperatures below 1000 °C [199]. The STEM/EDX
results for AluChrom 318 showed that no chromium was detected on spot 1 and 2 in Figure
5.11. However, the relatively higher concentration of Fe in the outer y-Al,Os can be
accredited to its presence in the divalent state [136]. Meanwhile, the alumina scale on the
aluminised SS309 surface grew with pores and cracks along the wrinkles due to the thermal
stress which caused scale volume change. Thus, it can be deducted that Cr transport through
the wrinkled alumina scale with accelerated speed led to the increased trend of the Cr.0s
evaporation rate, as can be seen in Figure 5.1d. Furthermore, the serious scale spallation with
the depletion of the NiAl reservoir which occurred on aluminised SS309 will definitely
provoke the Cr.O3 evaporation rate to an exponential growth during extended exposure.
Meanwhile, the Cr.O3 evaporation rate of AluChrom 318 in Figure 5.1d decreased with time.
This can be explained by the slightly higher surface Cr.Oz concentration on the thin alumina
region which contributed to the initial evaporation process, whereas after the ridged alumina
had formed, the Cr.O3 vaporisation process in the ridged alumina oxide was governed by the
Cr diffusion via alumina grain boundaries. Once the dense and ridged oxides expanded over

the entire surface the Cr.Oz evaporation rate stayed approximately constant.

5.3 Conclusions

The oxidation and Cr20Osz evaporation behaviour of SS309, aluminised SS309 and AluChrom
318 were investigated at 850°C in a flow of 6.0 L/min of air with 3% H>O. The bare SS309
did not satisfy the requirements for a successful application as CAPH material due to the
formation of a porous multi-layered SiO2/Cr.O3/(Cr,Mn)304 scale giving rise to serious scale
spallation and substantial Cr.Oz evaporation. The Cr evaporation measurements showed that
the Cr.Osz evaporation rate of aluminised SS309 was one order of magnitude lower than that

of SS309, indicating that surface aluminising is an efficient way to minimise the Cr.0s3
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evaporation. Furthermore, the aluminised SS309 exhibited a comparable Cr,O3 evaporation
level as AluChrom 318 which exhibited the best Cr retention ability over 168 hours. However,
the alumina scale formed on aluminised SS309 suffered spallation during oxidation. It was
observed that a high Mn outward flux and O inward diffusion throughout the alumina scale
led to the breaking out of the internally formed (Cr,Mn)-spinel oxides. The difference in the
Cr203 evaporation kinetics between both alumina formers was due to a different oxide
formation mechanism. The AluChrom 318 formed a y-Al.O3/a-Al203 layered scale with the
aid of the isostructural Cr,Os, and the inner a-Al,O3 could effectively prevent the Cr3* from
outward diffusion at 850°C. In contrast, the aluminised SS309 formed an alumina scale with
a large amount of cracks and voids formation which led to an accelerated Cr.Oz evaporation
rate. Thus, the AluChrom 318 demonstrated an outstanding Cr retention ability and the alloys
formed will be useful for overcoming the Cr.Os evaporation in SOFC balance of plant

components, in the case inspected here specifically the cathode air pre-heater.
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Chapter 6 — Microstructural analysis of an AluChrom 318 Cathode Air

Pre-heater for an SOFC system*

Within the HEATSTACK project, an advanced CAPH fabricated out of AluChrom 318 for
micro-CHP was developed by Senior Flexonics Ltd. A long term corrosion test of the CAPH
stack will require the CAPHSs to be installed into a micro-CAPH system and put through
rigorous testing under various operating conditions, which will give confidence in the overall
lifetime and robustness of the AluChrom 318 CAPH stack. The field test of the integration of
AluChrom 318 CAPHs and fuel cell stacks was carried out by Vaillant GmbH. The
customised micro-CHP system with an AluChrom 318 CAPH was installed on 19" Nov 2014
within a field test at a customer site and accumulated a hot-operation time of 25,000 hours in
total before its decommissioning on 19" Nov 2017. The role of University of Birmingham in
the HEATSTACK project was to carry out extensive material testing on this AluChrom 318
CAPH in order to get a better understanding of its corrosion behaviour. Therefore, the focus
of this chapter is on characterising the AluChrom 318 CAPH operated for 25,000 hours by
Vaillant GmbH, and offering improvement suggestions to Senior Flexonics to optimise the

AluChrom 318 used for CAPH applications.

* This work was partly published in ECS Transactions <K. Zhang, A. El-kharouf, and R. Steinberger-Wilckens.
ECS Trans., 91 (2019) 2253-2260> and ACS Applied Materials & Interfaces <K. Zhang, A. El-kharouf, and R.
Steinberger-Wilckens. ACS. Appl. Mater. Interfaces. Manuscript submitted>.
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6.1 Results

6.1.1 AluChrom 318 CAPH stack

The results in Chapter 5 proved that AluChrom 318 formed an alumina layer on its surface
which acted as a protective scale and reduced the Cr.O3 evaporation rate to an order of
magnitude lower than the chromia-forming alloys studied. However, the performance of heat
exchanger stacks made of AluChrom 318 and operated under the practical operating
conditions of a residential system showed that the issue was far more complicated compared
to what was observed in the small coupons exposed under isothermal conditions. Figure 6.1
shows the CAPH prototype made of AluChrom 318 and developed by Senior Flexonics. This
50-cell heat exchanger stack was operated under simulated SOFC environment for 25,000
hours by Vaillant GmbH. Each single cell was fabricated by welding two single heat
exchanger plates together by a laser welding technique to form a closed ‘cassette’ (cell). The
gas-to-gas heat exchanger presented in this study is a counter flow design. As shown in
Figure 6.1c, the fresh air from the blower enters the channel fabricated in each single cell
(cassette). The high-temperature exhaust gas from the afterburner goes the opposite direction
along the outer surface of each cassette. The thermal specifications of the AluChrom 318
CAPH during operation are shown in Table 6.1. It is common knowledge that the convective
flow of the high-temperature exhaust gas and the low-temperature air will cause a
temperature gradient across the entire heat exchanger stack, as shown in Figure 6.2a. The
oxidation stage of the CAPH cell under the different temperature regimes is evident by the
different colours shown in Figure 6.2b. The most obvious difference is that the outer surface
of the cells which was exposed to the highest temperature (hot zone) exhibited a brown
colour, while that exposed to the lowest temperature showed a dark green colour. As

indicated in Figure 6.2b, coupons were cut from both hot zone (location 1) and cold zone
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(location 2) and used to analyse the microstructure evolution of both inner and outer surfaces

of the AluChrom 318 plate exposed to the two extreme conditions.
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Figure 6.1 (a-b) Picture of CAPH stack made of AluChrom 318 developed at Senior
Flexonics Ltd.; (c-d) picture of CAPH stack made of multiple cells, showing the inlet and

outlet for exhaust gas and fresh air.

Table 6.1 Thermal specifications of the AluChrom 318 made CAPH during operation. Data
supplied by Vaillant GmbH.

Exhuast gas in 910°C Airin 50°C
Exhuast gas out 324°C Air out 830°C
Total efficiency 90.8%
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Figure 6.2 (a) Schematic of heat distribution on a single CAPH cell during operation; (b)
photograph of a single CAPH cell, showing different oxidation states in different temperature

regions.
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Figure 6.3 Photos of the outer (a) and inner (b) surfaces of a single CAPH cell exposed to the

hot zone. The sample was selected at location 1 in Figure 6.2b.

6.1.2 Hot zone

Figure 6.3 compares the appearance of the outer (front side) and inner (rear side) surface of
the single cell exposed to the hot zone. As can be seen in Figure 6.3a, two different regions of
different colour were observed on the outer surface of the cell. Region 1 which was located at
the edge of the exhaust gas inlet, showed a dark brown colour. While region 2 situated close
to the air outlet had a grey colour. However, the inner surface of the cassette which was
exposed to an air atmosphere in the hot zone only showed a dark grey colour. Figure 6.4
shows the surface microstructure of the outer surface of the cell with region 1 and region 2

and the inner surface of the cell exposed to the hot zone. The surface oxide layers formed on
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the outer surface were continuous for both region 1 and region 2 and no sign of spallation
could be detected. EDX line scans revealed that both the inner and outer surface of the cell
exposed in the hot zone contained a significantly high amount of Al and O. In region 1 of the
outer surface, Ni and Fe also showed strong intensity in the spectrum. Figure 6.5 displays the
XRD patterns of the inner and outer surface of the cell exposed in the hot zone. XRD analysis
indicated that the oxide scales formed on both the inner and outer surface were mainly
a-Al03. However, an AloFeO4 phase was detected on the outer surface of the cell, which was
consistent with the EDX line scan for the outer surface. Cross-sectional SEM of both the
inner and outer surfaces of the cell including EDX linescans are shown in Figure 6.6. It can
be seen that both the inner and the outer surface formed a continuous alumina scale since the
EDX elemental maps and line scans showed a high intensity of Al in the oxide. However, the

alumina scale was found to be thicker on the outer surface (4.17 um) than on the inner

surface (3.41 um).
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Figure 6.4 Top view SEM images of (a) region 1 on outer surface, (b) region 2 on outer
surface and (c) inner surface of the single cell exposed to the hot zone with corresponding
EDX line scan analysis.
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Figure 6.5 XRD patterns of the outer (a) and inner (b) surfaces of a single CAPH cell

exposed in the hot zone.
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Figure 6.6 Cross-sectional SEM images of the outer (a) and inner (c) surfaces of a single

CAPH cell exposed in the hot zone. EDX linescan profiles across the oxide film on the outer

(b) and inner (d) surface of a single CAPH cell exposed in the hot zone.
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Figure 6.7 Pictures of the outer (a) and inner (b) surfaces of a single CAPH cell exposed in

the cold zone. The sample was selected at location 2 in Figure 6.2b.

6.1.3 Cold zone

Figure 6.7 compares the outer and inner appearance of the single cell exposed to the cold
zone for 25,000 hours. Figure 6.8 shows the surface SEM of both inner and outer surfaces of
the cell exposed to the cold zone and the corresponding EDX linescans. In Figure 6.7a, the
dark green film on the outer surface corresponds to the platelet-like crystals observed in the
SEM (Figure 6.8a). The EDX linescan through the surface revealed that the platelet-like
crystals were enriched with Cr and O. With the aid of XRD analysis (Figure 6.9a), the
formation of Cr.O3 on the outer surface was identified. Zhang et al. [200] reported that the
formation of platelet-like Cr.O3 was due to the diffusion of Cr along the tunnel within the
oxides instead of grain boundaries. Cross-sectional EDX (Figure 6.10b) confirmed the
finding of the XRD analysis that the oxide scale contained exclusively Cr and O, again
suggesting Cr20s. It can be seen that the Cr.Oz layer was continuous and the thickness was
approximately 2.15 pum. Visual inspection of Figure 6.7b showed that the inner surface of the
cell exposed to the cold zone still remained metallic even after 25,000 hours of operation.
Based on EDX analysis, the inner surface of the cell exposed in the cold zone was still
dominated by Fe. The XRD pattern of the inner surface of the cell exposed in the cold zone

(Figure 6.9b) showed exclusively two background peaks from the alloy base. The cross-
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sectional analysis in Figure 6.10c-d further proved that the surface of the cell exposed in the

cold zone still retained the extremely thin passivation layer formed at room temperature.
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Figure 6.8 Top view SEM images and EDX linescan profiles of (a,c) outer and (b.d) inner

surfaces of a single cell exposed in the cold zone for 25,000 hours.
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Figure 6.9 XRD patterns of outer (a) and inner (b) surface of a single CAPH cell exposed in
the cold zone for 25,000 hours.
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Figure 6.10 Cross sectional images of outer (a) and inner (c) surface of a single CAPH cell
exposed in the cold zone. EDX line scan profiles across the oxide film on the outer (b) and

inner (d) surface of a single CAPH cell exposed in the cold zone.

6.2 Discussion

6.2.1 Hot zone

It should be noted that the analysed coupons from the hot zone were selected around the
exhaust gas inlet which had direct contact with the afterburner exhaust. The temperature of
the exhaust gas from the afterburner was around 910°C based on the technical data supplied
by Vaillant GmbH. However, the temperature at the inner surface (air outlet) had to be lower
than that of the outer surface (exhaust inlet) as the efficiency of the heat transfer cannot be
100%. This illustrates that the oxidation rate of Al was faster on the outer surface compared

to the inner surface in the hot zone as the cross-sectional images showed that the alumina
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scale formed on the outer surface was thicker than that on the inner surface. In addition to the
effect of temperature, the composition of the exhaust gas might also have had an effect on the
oxidation rate of the outer surface of the cell exposed to the hot zone. A simulation study of
SOFC-CHP performed by Park et al. [201] indicated that the composition of exhaust gas
from the afterburner was almost identical to the ambient air but with a higher amount of
steam (around 10%). It was reported by a number of researchers that the water vapour added
to the high temperature oxidising atmosphere increased the oxidation rate of alumina-forming
alloys [146,153,155]. In addition, that alumina scale established in the wet atmosphere
contained a higher concentration of Fe and Cr compared to that developed in dry atmosphere.
This was consistent with results detected in this study, where a thicker oxide scale mixed with
a-Al,03 and AlFeOs phase was formed on the outer surface of the cell exposed to the
exhaust gas. This was, however, contrary to observations discussed in Chapter 4. Saunders et
al. [190] pointed out that the major effect of water vapour was in the initial stage of oxidation
and influenced the stability of transition alumina rather than the diffusion process in the
protective a-Al203 scale once it was established. In Chapter 4, the humidified air was applied
on the samples when the tested samples inside the furnace reached the programmed
temperature (850°C in this study). Thus, the formation of an alumina scale during the furnace
heating process to 850°C might have prohibited the observation of the effect of water vapour
on the growth of the alumina scale on the AluChrom 318 surface. However, during the
practical operation of the AluChrom 318 CAPH, the exhaust from the afterburner had direct
contact with the heat exchanger plates without the pre-heating stage. The effect of water

vapour on the initial stage oxidation of the AluChrom 318 CAPH was thus more obvious.

The corrosion resistance of the heat exchanger cells exposed in the hot zone was provided by

the formation and growth of an alumina scale on both inner and outer surfaces, which also
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concurrently consumed the Al reservoir in the alloy. The fast growth rate of alumina on the
outer surface of the hot zone would eventually cause the exhaustion of the Al reservoir in the
bulk if the growth of the alumina scale could not be sustained by the supply of Al from the
underlying metal, or the content of Al was below the critical value required for the formation
of alumina as outermost scale [139]. This can cause breakaway oxidation resulting in further
oxidation of alloy metals and the formation of a poorly protective iron oxide. It is worth
noting that both the inner and the outer surface of the CAPH cell were simultaneously
exposed to air and exhaust gas, respectively. If the concentration of Al in the bulk was too
low to maintain the continuous growth of alumina on the outer surface, there would not be
enough Al to re-heal the scale spallation observed on the inner surface of the cell. The
underlying metal (spalled area) exposed to the oxidising environment would lead to an
exponential increase in Cr20Oz evaporation from the CAPH cells exposed in the hot zone. Thus,
a pre-formed alumina scale on the AluChrom 318 CAPH will be beneficial in preventing the

deleterious effect of steam in the atmosphere. This will be further discussed in chapter 7.

6.2.2 Cold zone

The anti-corrosion protection of the CAPH exposed in the hot zone was provided by the
formation of an a-Al,O3 scale under high temperature conditions. However, due to its
extremely low growth rates at low and intermediate temperatures, the a-Al2Os scale offers
less protection at these temperatures. It has been reported that the alumina-forming alloys that
are designed for very high temperatures also contain sufficient chromium to produce a Cr203
scale at intermediate temperatures [202]. Terrani et al. [203] reported the formation of a
Cr20s3 outer layer on the FeCrAl alloy exposed to pure water + 2 ppm O at 288°C for 1 year.
Therefore, the protection against oxidation of the outer surface in the cold zone (low

temperature region) relied on the formation of the Cr,Os scale. The SEM/EDX and XRD
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results suggested that no protective layer was formed on the inner surface of the cell exposed
to the cold zone due to the extremely low temperature (50°C) of the inlet air which was not
high enough to trigger the oxidation of Cr and Al. Therefore, it can be inferred that the
formed Cr.0z layer on the outer surface and the uncovered inner surface in the cold zone
were vulnerable to migration/evaporation of Cr(VI) species from the CAPH into the
environment and the fuel cell system. For the same principle, a pre-formed alumina scale on
the AluChrom 318 CAPH will be able to prevent the formation of the Cr.Oz layer on the

outer surface and give protection for the inner surface in the cold zone.

6.3 Conclusions

This chapter mainly focused on the characterisation of an AluChrom 318 CAPH after its
practical operation in simulated SOFC environment for 25,000 hours. Due to the convective
flow between the hot exhaust gas and the incoming cold air, the temperature gradient across
the heat exchanger plate caused different oxidation states from high to low temperature
regions. In the high temperature area, both inner and outer surfaces of the single CAPH cells
were protected by the formed o-Al2Os scale. However, the detection of an Al.FeOq
compound on the outer surface indicated an accelerated oxidation rate of the outer surface
exposed in high temperature exhaust with high humidity. In the low temperature area, a thick
Cr203 layer formed on the outer surface of the single CAPH cell, owing to the extremely low
growth rate of Al>Os at low temperatures. Besides, no oxide layer was formed on the inner
surface of the cell exposed to the cold zone due to the extremely low temperature of the inlet
air. A pre-treatment was suggested to enable the heat exchanger plate to form an alumina
scale prior to the application in the SOFC system. The pre-treatment was expected to produce
an a-Al203 scale on the entire heat exchanger surface that would reduce the growth rate of

alumina scale in the hot zone and eliminate the formation of a Cr.O3 scale in the cold zone.
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Chapter 7 — The Effect of Pre-treatment of AluChrom 318 on the
Corrosion Behaviour and Cr Evaporation in SOFC Cathode Air Pre-

heaters*

As discussed in chapter 6, longer-term operation of the AluChrom 318 heat exchanger plates
in SOFC cathode environment showed a large amount of Cr.O3 formation around the exhaust
outlet (cold zone) and a fast Al oxidation rate around the exhaust inlet (hot zone). For
material optimisation, a pre-heat treatment was therefore proposed to allow sufficient
formation of an alumina scale on the AluChrom 318 CAPH prior to the application in SOFC
environments. Studies on the effects of pre-treatment on alumina-forming alloys have been
reported in the literature [43,127], showing the corrosion resistance to be hugely improved.
Stanislowski et al. [43] found an improvement in the corrosion resistance and Cr retention
ability of alumina formers such as AluChrom YHf, AluChrom YB, Kanthal AF and PM 2000
after a pre-oxidation at 1200°C in air for 24 hours. However, the pre-treatments were mostly
performed at extremely high temperature (1200°C) with a long dwelling time (24 hours)
which would considerably increase the cost of production, if employed in CAPH
manufacturing. Thus, in the current work, the pre-treatment of the AluChrom 318 was
suggested to be performed directly in air atmosphere with relatively low temperatures (800 to
1100°C) and short dwelling time (0.5 to 4 hours) to form the most stable alumina phase (a-
Al>Oz) on both inner and outer surfaces of the single CAPH cell, which would make the pre-
treatment process cost-effective and suitable for industrialisation. The aim of this chapter is to
study the effect of pre-treatment temperature and time on the phase formation of alumina

scale and measure the Cr(V1) species released from the AluChrom 318 pre-treated at different

* This work was published in ECS Transactions <K. Zhang, A. El-kharouf, and R. Steinberger-Wilckens. ECS
Trans., 91 (2017) 2253-2260> and ACS Applied Materials & Interfaces <K. Zhang, A. El-kharouf, and R.
Steinberger-Wilckens. ACS. Appl. Mater. Interfaces. Manuscript submitted>.
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conditions by means of a denuder technique. The suitability of pre-treatment for AluChrom

318 for SOFC CAPH application concerning the Cr retention capability will be discussed.
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7.1 Results

7.1.1 Pre-Treatment

7.1.1.1 Mass measurement

Figure 7.1 shows the effect of pre-treatment temperature and dwelling time on the oxidation
behaviour of AluChrom 318. The mass increase obtained from pre-treatment corresponds to
the reaction between oxygen and alloy elements which is mainly the establishment of an
alumina layer in the case of an alumina-forming alloy. It can be seen that the mass gain
values increased with the pre-treatment temperature and time. The mass gain showed a linear
relationship with pre-treatment dwelling time (Figure 7.1a) while it had an exponential
relation to pre-heating temperature (Figure 7.1b). Moreover, depending on the pre-treatment

temperature, the slope of each linear relationship increased with the temperature as shown in

Figure 7.1a.
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Figure 7.1 (a) Mass gain of AluChrom 318 pre-treated at 800°C for 1, 2 and 4 hours, 900°C
for 1, 2 and 4 hours, 1000°C for 1, 2 and 4 hours and 1100°C for 0.5, 1 and 2 hours; (b) Mass
gain of the AluChrom pre-treated at 800°C, 900°C, 1000°C and 1100°C for 1 and 2 hours.
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Non-treated AluChrom 318 pre-treated in dry air for 1 hour
AluChrom 318 800 °C 900 °C 1000 °C 1100 °C

Figure 7.2 Photographs of the non-treated AluChrom 318 and the AluChrom 318 pre-treated
at 800, 900, 1000 and 1100°C in dry air for 1 hour.
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Figure 7.3 EDX elemental concentration of AluChrom 318 surface pre-heated at (a) 800°C
for 1, 2 and 4 hours, (b) 900°C for 1, 2 and 4 hours, (c) 1000°C for 1, 2 and 4 hours and (d)
1100°C for 0.5, 1 and 2 hours.

7.1.1.2 Surface charicaterisation

Figure 7.2 exhibits the photographs of the non-treated AluChrom 318 and the AluChrom 318
pre-treated at 800, 900, 1000 and 1100°C in dry air for 1 hour. The non-treated AluChrom
318 showed a shiny metallic surface. The samples pre-treated at 800, 900, 1000 and 1100°C

exhibited dark blue, green, gold and grey colours, respectively. The different colours
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presented by the alloy surfaces might indicate the oxidation degree of the AluChrom 318 pre-
treated at different temperatures. Figure 7.3 shows the EDX elemental concentration of four
critical elements (O, Al, Cr and Fe) present on the alloy surface after being pre-treated at
different temperatures from 800 to 1100°C. For all the four pre-treatment temperatures, the
concentrations of Al and O increased with the ascending dwelling time which corresponded
to the continuous growth of alumina scale on the alloy surface. The decreased concentration
of Fe and Cr could be attributed to the increased coverage by alumina scale on the alloy
surface, since aluminium will preferentially oxidise prior to Cr and Fe when the concentration
of Al is higher than 3 wt.% in the alumina-forming alloy [37]. The sample pre-treated at
800°C showed the highest surface concentration of Cr (12 at.%), in comparison with the
lowest Cr surface concentration of 2.75 at.% for the sample pre-treated at 1100°C for 2 hours.
It is also interesting to note that the surface concentration of the four elements on the sample
pre-treated at 800°C for 4 hours was comparable to that on the sample pre-treated at 900°C
for 1 hour. In addition, the samples pre-treated at 900°C for 4 hours and 1000°C for 1 hour
demonstrated quite similar levels of surface concentration of O, Al, Cr and Fe. The surface
element concentrations of the sample pre-treated at 1000°C for 4 hours was also found to be
close to that of the sample pre-treated at 1100°C for 30 minutes. The AluChrom 318 pre-
treated at 800, 900, 1000 and 1100°C for 1 hour were characterised by XRD to examine the
effect of temperature on the alumina crystalline structure, and the obtained diffractograms are
displayed in Figure 7.4. Peak pattern matching of the XRD patterns showed the presence of
Fe:Nb for the samples pre-treated at all four temperatures. For the samples pre-treated at
1000 and 1100°C, XRD confirmed the formation of an a-Al.O3 phase on the alloy surface.
However, it is worth noting that the phase of alumina formed on the samples after being pre-
treated at 800 and 900°C could not be detected by XRD because the oxides are extremely

thin, resulting in a very low intensity of the diffraction peaks [152,204].
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Figure 7.4 XRD patterns of the AluChrom 318 pre-treated at 800, 900, 1000 and 1100°C for
1 hour.
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Figure 7.5 Backscattered electron images of the oxide scale formed after being pre-treated at
800°C for 1 (a), 2 (b) and 4 (c) hours, at 900°C for 1 (d) , 2 (e) and 4 (f) hours, at 1000°C for
1(g), 2 (h) and 4 (i) hours and at 1100°C for 0.5 (j), 1 (k) and 2 (I) hours.
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Figure 7.6 EDX line scan of Al (a) and Cr (b) for the AluChrom 318 pre-heated at 800, 900,
1000 and 1100°C for 1 hour along the line indicated in Figure 7.5.

The SEM micrographs of all pre-treated samples are displayed in Figure 7.5. Figure 7.6
compares the EDX line scan intensity of Al and Cr along the indicated lines from the samples
pre-treated for 1 hour at the four different temperatures. After pre-treatment at 800°C for 1, 2
and 4 hours, the surfaces still looked metallic, and the original scratches left from
manufacturing were still visible on the surface. As indicated by the EDX line scan, the
surface of the AluChrom 318 after being treated at 800°C for 1 hour exhibited the lowest
intensity of Al and the highest intensity of Cr among all the 1-hour pre-treated samples. The
samples pre-treated at 900°C had built more alumina on the alloy surface in comparison.
However, the distribution of alumina on the surface was considered to be nonhomogeneous.
As indicated by the EDX linescan for the sample pre-treated at 900°C for 1 hour, the dark
region showed extremely high intensity of Al and low intensity of Cr corresponding to areas
covered with a thick alumina scale. Furthermore, more areas on the surface were observed to
be covered with a thick alumina scale with the pre-treatment dwelling time increased to 4
hours at 900°C. In contrast, the grey region with lower intensity of Al and slightly higher
intensity of Cr corresponded to the formation of a thinner alumina scale on the alloy surface.

The alumina scale developed on the samples after being pre-treated at 1000°C also had a
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nonhomogeneous thickness. However, the partially covered thick alumina formed on the
samples pre-treated at 1000°C exhibited a platelet-like structure which was completely
different from that formed on the samples pre-treated at 900°C. The EDX line scan confirmed
that the platelet-like alumina showed the highest intensity of Al and the lowest intensity of Cr.
With the increase of dwelling time, the platelet-like alumina considerably expanded in size.
However, the thin alumina area in the sample pre-treated at 1000°C for 1 hour still showed a
lower Al intensity and higher intensity of Cr in comparison with the sample pre-heated at
1100°C for 1 hour. Unlike the samples pre-heated at 900 and 1000°C, the distribution of
alumina scale on the samples pre-treated at 1100°C was much more homogeneous with the
highest intensity of Al and the lowest intensity of Cr. It is noted that the platelet-like alumina
formed on the AluChrom 318 pre-treated at 1100°C was much less compared to that formed
at 1000°C. Furthermore, when the dwelling time increased to 2 hours at 1100°C, the platelet-
like alumina almost disappeared and only a dense oxide layer was observed. The TEM
samples for samples pre-treated at 900 and 1100°C for 1 hour were prepared from the region

covered by both dense oxide layer and the platelet-like alumina.

Al,O, scale

Thickness: around 10 nm

Figure 7.7 (a) TEM bright field cross-sectional images of the oxide scale formed on the
AluChrom 318 pre-treated at 900°C for 1 hour; (b) Magnified TEM image of Figure (a),

showing a two-layered structure.
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Figure 7.8 (a) TEM bright field cross-sectional images of the oxide scale formed on the
AluChrom 318 pre-treated at 900°C for 1 hour; (b) Magnification of location 1 in Figure 7.8a,
showing the platelet-like alumina grown above a pit; (c) Magnification of location 2 in Figure

7.8a, showing a two-layered structure.

7.1.1.3 Cross-section analysis

The TEM images in Figure 7.7 show a cross-section through the oxide scale formed after
1 hour exposure in dry air at 900°C. It can be seen that the oxide scale was extremely thin
and had a thickness around 10 nm. Both Liu et al. [136] and Gotlind et al. [152] reported the
formation of a double-layered alumina scale with 100 nm thickness on Kanthal AF (Al 5.1
wt.%) after exposure in dry O, at 900°C for 1 hours. However, the duplex structure of the
scale formed on the AluChrom 318 after 1 hour pre-treatment at 900°C was difficult to
distinguish even in a TEM micrograph at high magnification due to the extremely thin layer.
This may also be the reason for the failure of XRD to detect the alumina phase for samples
pre-treated at 800 and 900°C, where the amount of alumina formed was too low and below
the detection limit of the XRD technique. The TEM images in Figure 7.8 display a cross-

section through the oxide scale formed on the AluChrom 318 after 1 hour pre-treatment in air
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at 1100°C. Figure 7.8b shows the growth of the platelet-like alumina above a pit. Figure 7.8¢c
shows that the oxide scale was around 34 nm thick and had a double-layered structure with an
outer and inner layer, the inner layer making up approximately two thirds of the total
thickness. As can be seen, this oxide thickness was about three times higher than that formed
at 900°C. This was consistent with the mass measurements. The mass gain of the AluChrom
318 pre-treated at 1100°C for 1 hour was three time higher than that pre-treated at 900°C
(Figure 7.1a). A STEM cross-sectional image of the oxide scale formed on the AluChrom
318 pre-treated at 1100°C for 1 hours is exhibited in Figure 7.9a, accompanied by EDX
elemental maps. The Cr map detected a narrow Cr-rich band located at the interface between
outer and inner alumina layers. In the Fe map, the distribution of Fe in the oxide scale only
showed a very weak signal in the outer layer. EDX linescans (Figure 7.9b) were performed in
order to further analyse the elemental distribution in the oxide scale. As can be seen, the
compositional profiles of the oxide scale exhibited three different regions. Region | was the
inner a-A203 layer and contained the highest level of Al, with no Cr and Fe. Region Il had a
high concentration of Cr, indicating the Cr-rich band detected in the Cr map. Region Il was
the outer alumina layer and had a lower Al concentration compared to region I. In addition, a

small amount of Fe and Cr was also observed in region Ill.
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Figure 7.9 STEM bright field image and EDX maps of the AluChrom 318 pre-treated at
1100°C for 1 hour; (b) EDX linescan along the line indicated in Figure 7.9a.
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Figure 7.10 Discontinuous mass measurements of the non-treated and pre-treated AluChrom
318 exposed to 3% humidified air (6.0 L/min) at 850°C for 500 hours.

7.1.2 Exposure Test

7.1.2.1 Mass measurements

The mass gain of the pre-treated samples after 500 hours exposure at 850°C in 3% humidified
air (6.0 L/min) compared with the non-treated sample is plotted in Figure 7.10. It can be seen
that all the pre-treated samples showed a lower mass gain compared to the non-treated sample
(0.130 mg/cm?) over the 500 hours exposure test. In this study, a low mass gain corresponded
to a low oxidation rate for the pre-treated samples exposed to the simulated SOFC cathode
conditions. The samples pre-treated at 800°C for 1 hour showed the highest mass gain (0.072
mg/cm?) among all the pre-treated samples after 500 hours exposure while the mass gain was
found to be dramatically decreased with the pre-treated samples when the dwelling time
increased to 4 hours (0.035 mg/cm?) at the same pre-treatment temperature. By comparing
the same dwelling time and varying the temperature, the samples pre-treated at 900°C for 1
hour (0.059 mg/cm?) showed a lower mass gain than the samples treated at 800°C for 1 hour,
and the samples pre-treated at 900°C for 4 hours (0.027 mg/cm?) showed a lower mass gain
than the samples pre-treated at 800°C for 4 hour after the exposure tests. The overall mass

gain of the samples pre-treated at 1100°C for 30 minutes (3.36x10 mg/cm?) was slightly
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lower than the samples pre-treated at 1000°C for 4 hours (4.44x10° mg/cm?) after 500 hours
exposure. The best corrosion resistance was observed for the samples pre-heated at 1100°C
for 1 hour (4.37x10* mg/cm?) with a 98% reduction of oxidation rate compared to the non-

treated AluChrom 318 due to the formation of an a-Al>O3z layer.
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Figure 7.11 Accumulated Cr2O3 evaporation as function of time for the non-treated and pre-
heated AluChrom 318 exposed at 850°C in 3% humidified air for 168 hours.

7.1.2.2 Cr evaporation

The evaporation of Cr20s from the treated and non-treated AluChrom 318 is plotted in Figure
7.11. It is interesting to note that the samples pre-treated at 800°C for 1 hour showed the
highest amount of Cr,Os evaporation (3.18x10 mg/cm?). In contrast, the amount of Cr,03
evaporated from the samples pre-treated at 800°C for 4 hours (1.67x10° mg/cm?) was lower
than the non-treated samples (2.84x10° mg/cm?). The samples pre-heated at 900°C for 1
hour had a similar level of Cr,Os3 evaporation (1.69x10° mg/cm?) as those pre-heated at

800°C for 4 hours. Whereas, with pre-treatment time increasing to 4 hours at 900°C, the
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amount of Cr.Oz evaporated from the alloys had decreased to 9.88x10* mg/cm? which is 35%
of that from non-treated samples. The samples pre-treated at 1000°C for 1 hour showed an
amount of Cr,Os vaporisation of 1.13x10 mg/cm? which was comparable to that from the
samples pre-treated at 900°C for 4 hours. It is worth noting that the samples pre-heated at
1100°C displayed the lowest level of Cr.Os evaporation among all the pre-treatment
temperatures investigated in this research. The quantity of Cr,Os evaporated from the non-
treated sample (2.84x10° mg/cm?) was 5 times higher than that from the sample pre-treated
at 1100°C for 30 minutes (5.97x10* mg/cm?) and 10 times higher than that from the sample

pre-treated at 1100°C for 1 hour (3.03x10 mg/cm?) over the 168 hours of collection.
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Figure 7.12 Surface SEM images of the non-treated AluChrom 318 and the AluChrom 318
pre-treated for 1 hour at 800, 900, 1000 and 1100°C before and after being exposed at 850°C
in 3% humidified air for 500 hours.

7.1.2.3 Surface analysis

Figure 7.12 compares the surface morphology of non-treated AluChrom 318 and pre-treated
AluChrom 318 for 1 hour at 800, 900, 1000 and 1100°C before and after the 500 hours
exposure at 850°C in 3% humidified air. The surface of non-treated AluChrom 318 with the
exposure time of 500 hours produced two distinct alumina zones, chequered with globular
and long ridged alumina with dark grey colour and plane (flat) alumina with light grey colour.

The formation mechanism of the long ridged alumina on AluChrom 318 surface had been
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elaborated in chapter 5. However, this surface morphology was more noticeable in the SEM
images of samples pre-treated at 800 and 900°C than the non-treated one after 500 hours
exposure. For the samples pre-treated at 1000°C for 1 hour, the partially covered platelet-like
alumina had grown larger after 500 hours exposure. It is worth noting that the morphology of
alumina scale formed on the samples pre-treated at 1100°C did not show any change before

and after 500 hours of exposure in simulated SOFC atmosphere.

7.2 Discussion

7.2.1 Pre-heat Treatment

Of the pre-treated samples in Figure 7.1, the mass gain showed a linear increase with
dwelling time and an exponential growth with temperature. For samples pre-treated at the
same temperature, the Al diffusion rate from the alloy base was constant for short-term pre-
treatment, which resulted in the growth of the alumina scale at a constant rate. Whereas, for
the samples pre-treated for the same dwelling time but with different temperatures, the
exponentially increased Al diffusion rate at elevated temperatures led to much more rapid
growth of alumina on the surface. This is further confirmed in the EDX analysis in Figure 7.3.
The surface concentration of Al for the samples pre-treated for the longest dwelling time was
nearly equivalent to that pre-treated for the shortest dwelling time with a 100°C increase in
temperature. These findings confirmed the high effectiveness of the pre-treatment process
with high temperature and short dwelling time compared to that with low temperature and

long dwelling time.

As indicated by XRD, the oxide scales formed at 1000 and 1100°C consisted exclusively of

a-Al20s. Since the alumina-forming alloys generally developed multi-layered oxide scales
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with different crystalline structures, it is impossible to identify the phase composition of each
oxide layer with XRD. The work performed by the Swedish High Temperature Corrosion
Centre employed convergent beam electron diffraction (CBED) to determine the phase
composition of the top and bottom alumina scales formed on Kanthal AF exposed at 900°C
for 1 hour [136,152,157,158]. In their studies, the CBED patterns obtained from both the
inner and outer alumina scales indicated that the double-layered alumina formed on Kanthal
AF consisted of a bottom layer of a-Al2Os and an upper layer of y-Al.Oz after 1 hour
exposure at 900°C in dry oxygen. CBED analysis was also conducted on the double-layered
oxide scales formed on the AluChrom 318 pre-treated at 900 and 1100°C in order to identify
the phase composition of both inner and outer alumina scales. However, in this study, the
CBED technique failed to identify the phase composition of both inner and outer alumina on
the AluChrom 318 pre-treated at 900 and 1100°C due to the extremely thin oxide scale and

small oxide grains.

Most workers in this field agree that the outer alumina scale grows by Al outward diffusion
while the inner a-Al,O3 grows mainly by oxygen inward diffusion [205-207]. The Cr-rich
oxide band is suggested to have been produced during the initial stage of oxidation to provide
corrosion protection prior to the formation of an alumina scale, indicating the original
metal/gas interface [152]. In addition, several researchers also reported the coexistence of vy-
Al>;0O3 and a-Al,0O3 on FeCrAl alloy oxidised at low temperatures (650 to 700°C) [197,208].
Therefore, both y-Al.O3 and a-Al>O3 are expected to form simultaneously on the surface of
the AluChrom 318 pre-treated at all the four temperatures in dry air environment in this study.
It has been widely reported that the initially formed corundum-type oxides (a-Cr.03 and a-
Fe203), which are isostructural with a-Al2O3, act as crystallographic template for the

nucleation and growth of a-Al.Og, facilitating the easy formation of a-Al>Os in the beginning
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of oxidation [114,123,149]. The location of the Cr-rich band suggests that the inner a-Al>0O3
scale nucleated near the original alloy surface and grew primarily inwards [152]. For the
AluChrom 318 pre-treated at 1100°C, the presence of the a-Al>03 phase confirmed by XRD

must indicate the inner scale detected below the Cr-rich band.

Both Liu et al. [136] and Gotlind et al. [152] found that the thickness of the outer alumina
layer (80 nm) was much higher than that of the inner layer (20 nm) on Kanthal AF exposed at
900°C in dry O for 1 hour. In contrast, the AluChrom 318 pre-treated at 1100°C for 1 hour
developed a thicker inner alumina scale than the outer alumina. This means that the outer
alumina scale did not have significant growth during pre-treatment at 1100°C. Thus, the
oxidation of the AluChrom 318 pre-treated at 1100°C was mainly proceeded by oxygen
inward diffusion for the growth of the inner alumina layer. Liu et al. [136] also found that the
outer y-Al,O3 on Kanthal AF transformed to a-Al>Os with exposure time extended from 1
hour to 24 hours at 900°C in dry O». Rybicki and Smialek [142] reported that the rate of the
phase transformation from metastable alumina to a-Al>O3 was faster at higher temperatures.
Thus, the outer oxide layer on the AluChrom 318 formed at 1100°C was assumed to be two
different cases: 1) mixture of metastable alumina and a-Al2O3; 2) pure a-Al2O3 formed by
phase transformation from the metastable alumina at 1100°C [136,158]. As shown in Figure
7.9b, both Cr and Fe show higher concentration in the outer layer than in the inner layer. The
concentration of Fe was found to be higher than that of Cr in the outer layer. Engkvist et al.
[158] stated that the higher mobility of Fe in the outer Al.O3 was attributed to it being in the
divalent state (Fe?*). Furthermore, the growth of the outer alumina scale provided an
outwards transport path for divalent cations, causing higher concentration of Fe in the outer

alumina scale [152].
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For the AluChrom 318 pre-treated at 1000°C, the surface SEM images revealed a different
alumina phase composition which was confirmed by XRD analysis. It should be noticed that
the platelet-like alumina (Figure 7.5g,h,i) had a similar morphology to the y-Al>O3 discovered
by Kadiri et al. [135]. Moreover, the amount of the platelet-like alumina on the AluChrom
318 pre-treated at 1000°C remarkably increased as the dwelling time increased from 1 to 4
hours. In addition, the pre-treatment temperature of 1000°C was not high enough to support
the complete phase transformation to the stable a-Al2O3 [134], thereby leaving the platelet-
like metastable alumina on the surface. Therefore, we can infer the scale growth on the
AluChrom 318 pre-treated at 1000°C mainly occurred in the outer alumina layer by cation
outward diffusion. However, for the samples pre-treated at 1100°C, the very small amount of
platelet-like alumina formed during the temperature ramping stage had dramatically
decreased as the pre-treatment dwelling time increased from 30 minutes to 1 hour. In addition,
with the pre-treatment time increasing to 2 hours, the surface had been completely covered
with a relatively dense and even a-Al>Oz layer with no visible platelet-like alumina. This can
be explained by the fact that the 1100°C used for pre-treatment promoted faster phase
transformation of metastable alumina formed during the temperature ramping stage to the
stable a-Al,O3 phase compared to the other lower temperatures used [142]. It can be inferred
that there must be a transition temperature between 1000 and 1100°C in which only a-Al203
is formed [191]. Thus, the samples pre-treated at 1100°C for 30 minutes and 1 hour are
considered to constitute promising pre-treatment conditions for industrial application in cost-

effective processing.

7.2.2 Exposure Test

The relatively low mass gain and Cr.O3 evaporation of the pre-treated samples compared to

the non-treated was due to the alumina scales established on the alloy surface during pre-
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treatment effectively slowing down the outward diffusion of cations (AI** and Cr®") in the
exposure tests. In addition, the corrosion behaviour and Cr retention ability of the pre-heated
samples under simulated SOFC atmosphere were found to strongly depend on the pre-
treatment time and temperature which can be explained by the influence of different types of
alumina phases formed at different pre-treatment conditions. However, the higher Cr.03
evaporation of the samples pre-treated at 800°C for 1 hour compared to the non-treated
samples was due to the fact that the Cr.Os formed in the initial stage of pre-treatment could
not be completely covered by the simultaneously formed alumina scale under low pre-
treatment temperature and short dwelling time conditions. The average thickness of the
alumina scale developed on the AluChrom 318 pre-treated at 900°C for 1 hour was about 10
nm. A drop of the temperature by 100°C reduced the scale thickness of the AluChrom 318
pre-treated at 800 °C since a reduction of temperature dramatically reduces the diffusion rates
[191]. Therefore, a large amount of Cr,Oz evaporation from the already built Cr.O3 was
observed for the samples pre-treated at 800°C for 1 hour. However, with the dwelling time
being extended to 4 hours at 800°C, a decreased Cr.Oz evaporation was detected due to the
increased surface coverage by alumina scale. The higher mass gain for the samples pre-
treated at 800 and 900°C corresponded to a faster Al outward diffusion rate for the
development of an alumina scale on the outer surface, in comparison with the samples pre-
treated at 1000 and 1100°C. It should be noted that a high Al consumption rate will cause the
exhaustion of the Al reservoir in the alloy base which will eventually result in material failure
at an accelerated rate [139]. In this research, one of the main objectives to carry out the pre-
treatment for the AluChrom 318 was to decrease the Al oxidation rate and make the Al
reservoir last longer in the CAPH application. The gross mass gain of the sample pre-treated
at 1100°C for 1 hour can be calculated by adding the mass gain from the pre-treatment and

the mass of evaporated Cr2O3 to the mass gain obtained from the 500 hours exposure test. It
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was found that the calculated gross mass gain of the sample pre-treated at 1100°C for 1 hour
is 0.094 mg/cm? which is much smaller compared to gross mass gain of 0.133 mg/cm? for
non-treated sample after 500 hours exposure test in simulated SOFC cathode environment. It
indicates that the total Al diffused from the alloy base to the scale/gas interface for alumina
formation is less for the sample pre-treated at 1100°C for 1 hour (0.094 mg/cm?) compared to
the non-treated sample (0.133 mg/cm?) because the extremely low diffusivity of Al through
the a-Al203 built on the sample pre-treated at 1100°C for 1 hour. Therefore, the sample pre-
treated at 1100°C for 1 hour with the lowest oxidation rate amongst all the tested pre-treated

samples could potentially extend material lifetime much longer for the CAPH application.

The lowest mass gain and Cr.Osz evaporation of the sample pre-treated at 1100°C for 1 hour
was due to the double-layered alumina scale with a thick inner a-Al.Os which had a more
compact lattice structure, as compared to the metastable alumina phase developed on the
samples pre-treated at lower temperatures [44]. Metastable aluminas are cation-deficient and
are therefore considered to possess a lower Cr retention capability than o-AlO3z [43].
Furthermore, the extremely low amount of Cr.Oz evaporation from the sample pre-treated at
1100°C was considered to be the Cr outward diffusion from the Cr-rich band between the
upper and bottom oxide scale [152], instead of from the alloy base. The observation that no
other cations were detected in the inner a-Al>Og, is suggested to reflect the excellent barrier

effect of a-Al.O3 for Cr retention.

The measured oxidation rates of the samples pre-treated at different temperatures were also
consistent with the morphology change detected by surface SEM analysis. As shown in
Figure 7.12, the expansion of the size and area of the long ridged alumina before and after the
500 hours exposure was detected as follows: 800°C_1 hour > 900°C_1 hour > 1000°C_1
hour. However, it is worth noting that no significant change of surface morphology could be
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detected for the sample pre-treated at 1100°C for 1 hour even after the 500 hours exposure
test. It has been confirmed by several studies that y-Al,O3 does not transform to a-Al20s3 in
humid environment during high temperature exposure since water vapour stabilises y-Al20O3
by hydroxylation of the surface [136,152,157,158]. The metastable alumina is known to be
prevalent at low temperature, due to its easier nucleation than a-Al2O3 [158]. Therefore, in
the current research, the growth of alumina scale on the pre-treated samples under these
exposure conditions (850°C, 6.0 L/min air and 3% water) was dominated by the Al outward
diffusion for the outward growth of metastable alumina, rather than the oxygen inward
diffusion for the growth of an inner a-Al>O3 layer. As mentioned before, the difference in the
alumina growth rate for the samples pre-treated at the four temperatures during the exposure
tests was caused by the difference of the Al outward diffusion rate throughout the alumina
scale developed during the pre-treatment. The alumina scale established at low pre-treatment
temperatures had a low thickness and was dominated by alumina in the metastable phase.
However, the pre-treatment for AluChrom 318 conducted at high temperatures facilitated the
growth of a compact a-Al,O3 scale with high thickness. Therefore, the fastest Al outward
diffusion rate via the thin metastable alumina scale developed at 800°C for 1 hour led to the
formation of the largest amount of long-ridged alumina on the surface. On the contrary, the a-
Al>O3 formed a dense and continuous layer on the samples pre-treated at 1100°C for 1 hour,
restricting the supply of cations for the growth of the outer y-Al,O3 layer during the exposure

test. This resulted in a much slower oxidation rate in the SOFC cathode environment.

7.3 Conclusions

The oxidation rate and Cr2O3 evaporation of the AluChrom 318 at 850°C in humidified air
was shown to be dramatically decreased by pre-treatment. It can be assumed that the kinetics

of oxidation rate and Cr(V1) release for the pre-treated AluChrom 318 is governed by the
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phase formation of alumina on the alloy surface during pre-treatment. Pre-treatment at 800
and 900°C resulted in less improvement in the oxidation resistance and Cr retention
capability than at 1000 and 1100°C due to the metastable alumina scale formed which allows
relatively faster Al and Cr outward diffusion. The best corrosion resistance was observed for
the samples pre-treated at 1100°C for 1 hour with a 98% reduction of oxidation rate and 90%
reduction of Cr,O3 evaporation compared to the non-treated AluChrom 318 due to the
formation of a compact and homogenous a-Al2O3 scale which effectively prevented the Al
and Cr from outward diffusion in the simulated SOFC environment. For the application in
SOFC CAPHEs, the a-Al>Os scale developed on the AluChrom 318 during pre-heat treatment
at 1100°C for 1 hour will decrease the outward diffusion rate of Al on both inner and outer
surface of the CAPH cells exposed to hot zone during operation, which extends the lifetime
of the AluChrom 318 CAPH. Furthermore, the pre-formed a-Al,O3 scale also stops the
formation of Cr,0s on the AluChrom 318 CAPH exposed to cold zone owing to the

extremely low solubility of Cr®* in the a-Al,Os scale.
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Chapter 8 — Summary

8.1 Conclusions

Developing low-cost CAPH materials with good oxidation resistance and Cr retention
capability is a key technical challenge in commercialising SOFC micro-CHPs and was the
focus of the HEATSTACK project. This thesis evaluated the corrosion behaviour and Cr203
evaporation of different types of high temperature alloys, as well as their suitability for use in

CAPH.

In this work, the high temperature oxidation test and the Cr.O3 evaporation test conducted in
a simulated SOFC environment were the main methods used to evaluate the corrosion
performance of stainless steels. The oxidation rate and Cr.O3 evaporation rate were related to
the morphology and composition of the oxide scale developed at different humidity levels

and temperatures. The conclusions made for each chapter are shown as following:

Chapter 4 presented the influence of temperature and water content on the oxidation
behaviour and Cr.Oz evaporation of various high-temperature alloys with the formation of
three typical oxide scales, namely Cr.O3 on Inconel 625, (Cr,Mn)304 spinel on SS309, and
Al,Oz on AluChrom 318. It was found that, at the same temperature and humidity, the
amount of Cr.0Oz evaporated from different high-temperature alloys depended on the partial
pressure of Cr present on the oxide surface. The main effect of temperature on the alumina
forming alloy was that the oxidation rate increased with temperature. However, the Cr.03
evaporation rate of the alumina forming alloy was less affected by temperature. For alloys
with Cr.03 and (Cr,Mn)304 spinel as protective layer, the major effect of temperature was
that both oxidation rate and Cr.Oz evaporation rate were dramatically reduced at lower

temperatures. It was found that a 100°C decrease in temperature showed more reduction on
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the Cr203 evaporation rate than on the oxidation rate for Inconel 625 with Cr.O3 as protective
layer. In contrast, the effect of temperature on the oxidation rate was greater than the Cr.03
evaporation rate at 100°C lower temperature for the (Cr,Mn)304 spinel layer formed on
SS309. By increasing the water content in the exposed atmosphere the amount of Cr(VI)
species evaporated from the high-temperature alloys was increased. Furthermore, the water
vapour enhanced the oxidation rate for the alloys that formed a Cr.Oz or (Cr,Mn)304 spinel
scale compared to those exposed in dry atmosphere. In contrast, the water vapour effect on

the oxidation rate for the alumina forming alloy was insignificant.

Chapter 5 confirmed the importance of alumina as protective layer in enhancing the corrosion
resistance and Cr retention capability of the high-Cr alloys used in SOFC system components
which do not have a current-conducting function. It was found that the formed alumina scale
restrained the surface chromium evolution through restraining the ionic mobility of
chromium and oxygen throughout the alumina grain boundaries. The (Cr,Mn)304 spinel layer
formed on SS309 may reduce Cr.O3 evaporation but did not form a true barrier layer since
Cr(VI) species still evaporated at an unacceptable level. Surface aluminising is an interesting
approach to reduce Cr.O3 evaporation from high-temperature steels. However, in this study,
the aluminised SS309 failed the application as CAPH material owing to the breakaway
oxidation induced by alumina scale spallation. The alumina-former AluChrom 318 which
formed a double-layered scale demonstrated outstanding Cr retention ability and oxidation

resistance.

In Chapter 6, a microstructural analysis on the AluChrom 318 CAPH was conducted after
exposing it to an SOFC operational environment for 25,000 hours. It was found that the oxide
scale formed on the AluChrom 318 CAPH was related to the temperature of the exposure
environment. Besides, the source of volatile Cr(VI) species was also identified. From the
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inner surface of the single CAPH cell, the spalled alumina scale in the hot zone and the
uncovered surface in the cold zone were believed to contaminate the SOFC system with
volatile Cr(VI) species. From the outer surface of the single CAPH cell, the fast alumina
growth with depleted Al reservoir in the hot zone and the large amount of Cr,O3 formed in
the cold zone would have contributed to a large amount of Cr,Os evaporation to the

environment.

In chapter 7, a pre-treatment was applied to the AluChrom 318 in order to achieve a
protective alumina scale prior to SOFC application. It was found that the kinetics of oxidation
rate and Cr.O3 evaporation for the pre-treated AluChrom 318 were governed by the phase
formation of alumina on the alloy surface during pre-treatment. The AluChrom 318 pre-
treated at 1100°C for 1 hour showed the best corrosion resistance and Cr retention capability
due to the formation of a homogenous and compact a-Al>O3 scale. Furthermore, the a-Al20O3
scale formed on the surface of the AluChrom 318 CAPH surface during the pre-heat
treatment was also believed to slow down the Al oxidation rate in the hot zone and stop the
formation of Cr,Oz in the cold zone. These results were of great benefit to the HEATSTACK
project as they can improved the performance of the AluChrom 318 CAPH based on the pre-

treatment results obtained from this work.

8.2 Future work

As shown in this work, the corrosion performance of aluminised SS309 is not ideal due to the
severe spallation of alumina scale. However, surface aluminising is still an interesting method
to reduce Cr evaporation from chromia-forming alloys. Thus, future work is required to
improve the performance of aluminised SS309. For example, it is necessary to increase the

thickness of the aluminium coating to make the Al reservoir last longer. In addition, pre-
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treatment of the aluminised SS309 in inert gas (Ar) or air at high temperature might offer a
possibility to improve scale adhesion and corrosion resistance. Alternative coating techniques

to the PVD coatings used here might give better results.

In this experimental study, the AluChrom 318 coupons pre-treated at 1100°C for 1 hour
showed excellent corrosion resistance and Cr retention ability. However, the corrosion
behaviour of the pre-treated AluChrom 318 coupon exposed in isothermal condition will be
totally different from that of the CAPH stack exposed under the counter flow of exhaust gas
and air. Thus, a long-term exposure test on the CAPH stack made of pre-treated AluChrom
318 under SOFC system operation environment is still required to confirm the promising

effect of the proposed pre-treatment.
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