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Chapter 1 Introduction

1.1 Background

Global energy demand, including electricity, is increasing more than the capacity can be
provided by renewable energy. It means that the fossil fuel power plant is still required to
fill the energy supply gap for the following years. Since coal is the most reliable and
affordable energy source for many countries, developing high-efficiency and low-
emissions power plants is necessary. According to Paris Agreement, the new construction
of conventional or typical power plants with an efficiency of around 37% should be
limited. As a replacement, work is now focused on the development of an advanced ultra-
supercritical (A-USC) power plant, which has an efficiency of more than 45%, and the
technology of carbon capture and utilization or storage (CCUS) M. Efficiency
improvement of newly constructed or existing coal power plants combined with CCUS
may result in a lower cost of energy generation with a significant reduction of CO>
emissions per unit of electricity produced.

The fossil fuel power plants burn fossil fuels (coal, natural gas, petroleum oil, etc.) to heat
the flowing water into high-pressure and high-temperature steam, which will be flowed
to the turbine to rotate the turbine blades. The schematic diagram of a typical coal-fired
power plant is shown in figure 1.1 . The movement of the blades rotates the generator
shaft and converts it to produce electricity. The steam then flows into the condenser,
transforms the steam into water, and repeats the cycles 2. In the ideal conditions, the
attained thermal efficiency of a heat engine, such as a fossil fuel power plant, often be
determined by using the Carnot cycle, which is given by BI:

n = ‘max=Tmin y 100(94) (1.1)

max

where Tmax and Tmin are the maximum temperature of the steam and minimum temperature
of the heat sink, respectively. However, in reality, heat transfer loss may occur on gas
inlet and outlet during the power plant operation. Therefore, in order to achieve higher

power plant efficiency, several efforts are being considered to maximize the gap between



Tmax and Tmin, SUch as increasing the temperature and pressure of the steam and employing
the cooling turbine and cooling boiler exhaust condensers 1. From the options, increasing
the temperature is more feasible because the limitation mostly comes from the maximum

temperature performance of the components.
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Figure 1.1 Schematic illustration of typical coal fired power plant 21,



The power plants are classified based on the conditions in the main steam/hot reheat and
plant efficiency. Table 1.1 Blshows the classification of the coal power plants in the world.
The development of higher operating conditions for higher efficiency of fossil fuel power
plants has been started in many countries. The project of advanced ultra-super-critical (A-
USC) technology in the US aims for the steam condition could reach 760°C with a
pressure of 35 MPa, while in Japan € Europe, China, and India *%1 the steam
temperature is projected to be 600°C. Figure 1.2 [ shows the development of power
plants in Japan. By 2018, the highest steam condition of the power plant operated in Japan
reached 600°C/620°C - 25 MPa with an efficiency of 45%. Since higher operating
conditions are needed to achieve better efficiency, works on providing reliable material

at elevated temperatures are highly developed.

Table 1.1 Classification of coal fired power plants I,

Nomenclature Conditions (main steam/hot reheat) Net plant efficiency/HHV
Subcritical 165 MPa (2400 Ib in~2) 35
565°C (1050°F)/565°C/1050°F
SC >24-8 MPa (3600 Ib in~2) 38
565 (1050°F)/579°C (1075°F)
usc >24-8 MPa (3600 Ib in~?) >42
593°C (1100°F)/620°C (1150°F)
AUSC 27-6-34-5 MPa (4000-5000 Ib in~%) =45

704-760°C (1300-1400°F)
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Figure 1.2 Development of steam condition in Japan ©°],
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The main issues for power plant components are the steam oxidation resistance and long-
term creep rupture strength of base material and welded joints %, Furthermore, it is well
known that the degradation processes such as atom mitigation, grain and precipitation
coarsening, and high-temperature corrosion may occur in higher temperatures. Therefore,
in such operating temperature and pressure of the main steam of the power plant, A-USC
technology supposed to use Ni based alloy which offer excellent properties at the

condition of A-USC power plant.

Other aspects should be considered when choosing the materials for components of power
plant. One of them is the material’s price. High Cr ferritic/martensitic steels are being
developed for thick and large component of A-USC power plant operated at a lower
temperature in order to minimize the requirement of Ni based alloys, which are more
expensive. However, the steam temperature in the A-USC power plant reaches 650°C,
which is still higher than the allowed application temperature of typical high Cr
ferritic/martensitic steels. Therefore, this maximum application of typical ferritic steels

becomes a bottleneck for achieving a highly efficient power plant.



1.2 Ferritic steels as a power plant material

Ferritic steels offer a lower price compared to other materials developed for application
in power plant components, such as austenitic steels and Ni based alloys. Due to its
properties, ferritic steels have been proven reliable in application of power plant
components for decades U1, Ferritic steel has a BCC structure. It has a low thermal
expansion coefficient, capable of resisting during sliding steam pressure operation 1,
Ferritic steel offers sufficient properties such as creep strength, long-term stability, good
weldability, resistance towards steam oxidation, and applied cyclic load and variable load
at temperature around 600°C B1. Due to lower Cr content, ferritic steels show lower high-
temperature strength and oxidation resistance levels than austenitic steels and Ni based
alloys. However, due to its reliable properties (at 600°C) ! and lower price, ferritic steel
is preferred to be used in power plants, especially for heavy and thick-walled components

such as headers or pipes.

Optimization works on this typical steel is mainly conducted by controlling the
microstructure and adding or substituting amount of alloying elements such as
molybdenum (Mo) with tungsten (W), or adding cobalt (Co), niobium (Nb), Nitrogen (N),
and boron (B). Figure 1.3 [1shows the development of ferritic steels containing 2, 9, and
12%Cr, which were applied for the USC coal power plant in the previous generation
(681011 Figure 1.4 M shows the development of typical 9-12%Cr ferritic/martensitic
steels for boiler and turbine materials in Japan. Among the commercial 9Cr steel, grade
P91 has been used extensively as headers and steam pipes on USC plants with operating
steam temperatures reaching 593°C [&l. The modification brings development grade P92
by substituting some Mo in P91 grade with W Bl.  Further works lead to the upper limit

for advanced typical 9-12%Cr ferritic/martensitic steels set to be applicable at 650°C.
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Figure 1.3 Development of ferritic steels for boiler material €1,
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Figure 1.4 Development of 9-12%Cr steel for boiler and turbine materials ™1,




The 9-12%Cr ferritic/martensitic steel is well known for having excellent creep strength,
low thermal expansion, and good oxidation resistance up to 600°C [, This typical steel
is widely used for thick or large diameter parts on USC power plants. The microstructure
of this typical steel is commercially available as tempered martensite. Figure 1.5 ¥ shows
the representative microstructure of a typical 9-12%Cr heat resistance steel observed by
TEM. The microstructure consists of a single phase of tempered martensite which
decorated with precipitates. This microstructure was formed during normalizing and heat
treatments. The carbides and Laves phase were found precipitated along the lath
boundaries and prior-austenite grain boundaries. The fine MX carbonitrides precipitated
coherently in the lath of ferrite matrix. In addition, the dislocation networks were found
at the lath boundaries or sub-grain boundaries. The strengthening mechanism is provided
by a single phase of tempered martensite, sub-grain hardening, and precipitation

hardening (812131,
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Figure 1.5 Typical microstructure of 9-12% Cr steel I,



Most of the works to improve the mechanical properties and microstructural stability of
9-12%Cr steel are conducted by changing the chemical composition to utilize a solid
solution and interaction between precipitate particles *2. In addition, the chemical
composition may change the transformation temperature, which influences the heat
treatment and hot working conditions. For example, the alloy designed in grade P91 is
mostly conducted by BI: (1) precipitation hardening by adding W, Nb, Ti, C, and N; (2)
solid solution strengthening by adding W and Mo, (3) dislocation hardening, and (4)
boundaries strengthening. In addition, since it is crucial to transform all the austenite to
tempered martensite, the heat treatments and working conditions also need to be
optimized to achieve the desired structure. Another work on 9-12%Cr steel is to solve the
issue of the microstructure instabilities during long-term creep exposure at the operating
temperature of the USC power plant, around 600°C. This instability is also attributed to
structure change from temper martensite to ferrite, precipitation of the Laves phase of
Fe2(W, Mo) and Z phase.

For decades, the alloy design has been conducted by modifying the existing materials.
Recently the new grade steel (ASME Code 2839, ASTM T93/P93) has been developed.
This material is suggested to have better stability and creep than the traditional 9Cr
ferritic/martensitic steel such as P91, P92, and modified 9Cr-1Mo martensitic steel at
650°C 41 This type of steel contains 3W, 3Co, and B. A similar steel containing 9Cr-
3W-Co with code G115 has been developed in China [*31. The presence of W in these
steels is meant to give a better creep strength from solid solution strengthening (4161, The
presence of Co is meant to suppress delta formation and reduce the coarsening rate of
M23Cs 71 In addition, B is added to stabilize M23Cs carbides and suppress the
coarsening, which gives better microstructure stability of grain boundaries and a longer
duration of transient creep '81°1, This material can be used at 650°C in term of mechanical
properties. However, the steam oxidation resistance at 650°C is not well investigated.



1.3 Application of alloying element on ferritic steel

As mentioned earlier, the alloying element can act as a solute atom and precipitate. In
general, solute atoms are reported to improve the creep strain by forming a cluster around
the dislocation. While precipitates help to pin the dislocation movement and retard the
mitigation of sub-grain boundaries and improve the stability of sub-grain 2, It is reported
that there are seven groups of alloying elements usually added into typical 9-12%Cr steels,
which were divided based on their properties and effects ©: (1) Cr; (2) Mo, W, and Re;
(3) V, Nb, Ti, and Ta; (4) C and N; (5) B; (6) Si and Mn; (7) Ni, Cu, and Co.

Cr is well known to give better oxidation and corrosion resistance in heat-resistant steels.
Mo, W, and Re are reported to provide solid solution strengthening and improve creep
strength B2 However, W promotes the formation of 3-ferrite and the Laves phase if it
exceeds a certain concentration limit. V, Nb, Ti, and Ta contribute to precipitation
hardening by forming carbides, nitrides, and carbonitrides, which are coherent to the
matrix of ferrite . C and N give a solid solution and precipitation strengthening. As
austenite-former elements, adding C and N inhibit the formation of 5-ferrite, which is
promoted by adding ferrite-former elements. B improves hardenability and creep strength
and affects the stability of carbides in the ferritic steel B2, Si and Mn are not good in
terms of creep strength. However, Si is well known to positively influence the oxidation
property of ferritic steel in ambiance containing water vapor. Ni, Cu, and Co inhibit the

d-ferrite formation and affect the tempering temperature of the material (€1,

One of the latest developments of 9Cr steel is the finding of new grade steel, which
contains 3%W and 3%Co. This material is reported as the strongest creep-resistant ferritic
steel for steam turbine applications up to 650°C for now 4. As major alloying elements,
there are many works to investigate the effect of W on mechanical properties. W additions
are well known as a ferrite stabilizers, and the addition of W is meant to give solid solution
strengthening and precipitation hardening 2. W additions are reported to influence the
kinetics in the steel, such as formation, dissolution, and coarsening processes of
precipitates. Adding W into steel may help stabilize the microstructure that resists the
martensite recovery by stabilizing the dislocation substructure. The W refines the prior
austenite grain size for fine lath martensite during creep exposure %, The W in carbides

is also reported to retard self-diffusion of iron which reduces the coarsening rate.

10



It is reported by Abe et al. 1?2l that the temperature where the Laves phase precipitate
occurs is in the range of 550°C-700°C, and the nose is at about 650°C [, Figure 1.6
shows the phase diagram of the Fe-9Cr-W system estimated by Pandat 2020 software 2%,
In the operating temperature of USC or A-USC power plants, W containing steel may
precipitate the laves phase due to the enrichment of W during the formation or growth of
carbide. Although it is reported that the fine Laves phase has proven to improve the
mechanical properties such as creep strength at elevated temperatures in the primary
transient creep region, the effect decreases drastically due to precipitate coarsening 241,
Therefore, 9Cr-3W-3Co containing B is suggested to offer the best combination for all
mentioned aspects.

Another promising alloying element on 9Cr ferritic/martensitic steel is Nb. Since the
solubility of Nb in the Fe matrix is narrow, the addition of Nb on 9-10% Cr steel is
proposed to form stable, finely dispersed precipitates such as Nb-rich MX nitrides 61,
This precipitate shows a long-term creep behavior up to 100,000 hours at 600°C. Figure
1.7 shows the phase diagram of the Fe-9Cr-2Nb system [21. It is reported that adding Nb
to steel can increase the strength in many ways, such as solid solution elements, forming
micro carbides, and intermetallic phase (Fe2Nb Laves phase). Although adding Nb into
9Cr steel is meant to form Nb-rich MX nitrides, works are investigating the role of FezNb

in ferritic stainless steel [2°,

11



T[C]

T[C]

1500+

1000

500

1300

1100

900

700+

500

Figure 1.7 Phase diagram of Fe-9Cr-Nb system [23],

12

Liquid
Beo
Fee Bee+Feo
Bec+Laves C14
Bee+Bec+lLaves_C14
0 2 4 6 8 10
W%(W)
Figure 1.6 Phase diagram of Fe-9Cr-W system [2%],
Bee+Liquid
Bee+laves C14
Becoct+Feoo
Fec BcotFec+Laves C14
Fec+laves C14
e/
Beo
Becect+laves C14
0 2 4 6
w%(Nb)



1.4 Steam oxidation behavior of Fe-Cr ferritic alloys

One of the crucial issues in operating a higher efficiency power plant is to control the
corrosion protection of component material. It is well known that the power plant parts
such as headers, pipes, and boilers are addressed to be exposed to the high temperature
and high-pressure flowing steam during the power plant operation. Moreover, the
fluctuating condition inside the power plant makes the oxide scale detach or exfoliate.
This phenomenon will cause severe consequences, from steam flow blockage to material
failure. Therefore, more profound knowledge of the oxidation behavior of materials, how
to control the reaction, and how to modify the oxidation process in the materials are
essential to achieve a longer lifetime of materials.

Considering the proposed minimum Cr required to develop and maintain a continuous
external Cr20s layer by Wagner 21, 9Cr in Fe-Cr ferritic alloy is insufficient to develop
an external Cr2Os3 layer. Moreover, the presence of steam increases the minimum Cr
requirement for developing an external layer of Cr.Oz. Although higher Cr concentration
is preferred, remembering that 9Cr concentration gives an optimum creep strength among
9-12%Cr ferritic/martensitic steels, much research is still concerned with optimizing the
typical 9Cr steel. Therefore, a deeper knowledge of the effect of alloying elements is
essential for improving the oxidation resistance at elevated temperatures. Especially, the
Laves phase former elements, such as Mo, W, and Nb, are the major alloying elements
that have been added into typical 9Cr ferritic/ martensitic steels.

The behavior of typical 9Cr steel in various atmospheres 600-700°C has been studied
extensively 2721, Figure 1.8 shows the cross-sectional area of grade P92 steel in flowing
steam at 650°C. It is well known that this steel will form a duplex scale consisting of an
outer scale of iron oxides, an inner scale of Fe-Cr spinel, and a very thin Cr203z included
layer at the 10Z front. Since the protective layer was not established, the oxygen kinetics
follow a nearly parabolic manner with a rate-controlling step is the outward diffusion of
Fe ions (Fe?* and Fe®") through spinel lattice. Therefore, in terms of steam oxidation
resistance, the 9Cr steel is believed insufficient to be performed at the operating

temperature of the A-USC power plants.

13



Fe304

Initial
surface =
e (Fe, Cr)304 + Fe304

. FeO + Cr;0;

Figure 1.8 Cross-sectional area of P92 exposed to flowing steam at 650°C for
10,000 h B9,

Some effect of alloying elements on the oxidation behavior of typical 9Cr alloys was
reported. However, still, limited studies elucidated the effect of laves former elements. It
is reported that the 2.25 and 9% Cr steels containing 1% Mo (T22 and T91) show a lower
corrosion rate in steam at 650°C than similar steel with lower Mo concentration (T23 and
T92) 1. Although Mo seems to improve the effect on oxidation resistance, there are still
limited data concerning the role of Mo on oxidation behavior. Similar to Mo, there are
limited data on the effect of W on the oxidation behavior of the steel. Although it is
reported that W did not have any negative effect on the oxidation of 9Cr steel in water
vapor at 650°C 21 it is still believed that 1.5-2 mass% of W has a detrimental impact on

the oxidation resistance of typical 9-12%Cr steels in steam at 650°C 4.

The effect of Nb on oxidation behavior was reported in many studies. Adding Nb into a
steel can improve the oxide scale adhesion, improve spallation resistance, reduce
expansion crack during cyclic oxidation, and reduce voids and gaps in the scale and
scale/metal interface. At high temperatures, the formation of FezNb Laves phase easily
forms at scale/metal interface, which is rich in Nb. The precipitation of the Laves phase
is easier than the formation of Nb,O:s. It is reported that the nucleation of the Laves phase
in the oxide/metal interface prevents the cation diffusion to the oxide scale. At the same

14



time, the oxygen anion movement from the oxide scale to the metal becomes retarded,
which improves the oxidation properties. The effect of Nb addition to alumina forming
alloy was found to help reduce the critical Al required for forming an external alumina

layer and decrease the solubility induced at 800°C 23341,

In recent years, the strategy to use the Laves phase not only improves the mechanical
properties but also improves oxidation resistance has been proposed. It is reported that in
ferritic stainless steel with Cr concentration above 18%, adding a low amount of Laves
phase former element (Nb and Mo) is found can improve both strengths and retarding the
growth of the oxide film 2531, 1t was found that the oxidation rate decreases by forming
a thin spinel layer near the surface, as shown in figure 1.9 %1, Besides, Horita et al.
proposed that precipitation of FeaNb Laves phase along grain boundaries controls the
outward diffusion of metal at grain boundaries, as shown in figure 1.10 251, Although
there are studies that reported the benefit of Laves phase on improving oxidation
resistance, the work is limited to typical 9Cr alloy. Therefore, a better understanding is
needed, particularly on how to benefit from this intermetallic compound to improve

mechanical properties and oxidation resistance.
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Figure 1.9 Cross section images of (a) 0%Nb steel and (b) 0.36%Nb steel oxidized for
720 ks at 1073 K ¥,
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1.5 Objective

The increasing energy demand pushed us to operate high-efficiency and low-emission
power plants. Works on development on advanced ultra-supercritical (A-USC) power
plant required materials components that are reliable at higher operating conditions. High
Cr ferritic/martensitic steels are being developed for A-USC power plant components
performed at a lower temperature to minimize the requirements of Ni based alloy.
However, the steam temperature in the A-USC power plant reaches 650°C (923 K), which
is still higher than the allowed application temperature of typical high Cr
ferritic/martensitic steels. Therefore, this maximum application of typical ferritic steels
becomes a bottleneck for achieving a highly efficient power plant.

Development works on high Cr ferritic/martensitic steels are conducted by adding
alloying elements and modifying the microstructure. This study aims to improve the
steam oxidation behavior of 9Cr steel at 923 K by optimizing alloying elements. As
mentioned earlier, tungsten is a major alloying element that contributes to solid solution
strengthening and Laves phase strengthening in the typical 9-12%Cr ferritic steel. In
comparison, niobium in ferritic steel contributes to better mechanical properties and
oxidation resistance. Although Nb is not designed to form Fe2Nb in typical 9Cr steel, the
Fe>Nb improved the oxidation resistance of ferritic stainless steel with Cr concentration
above 18%. By investigating the effect of both Laves phase former elements as the way
they are employed on improving mechanical properties, suggestions for further
development on 9Cr steel with a better oxidation resistance can be concluded. In the
present work, the effect of microstructure formed by different cooling rates was presented
to give an insight into the microstructural effect, although in a simple system. In addition,
the information on the effect of W and Nb on the Cr diffusivity in Fe and Fe-9Cr alloys
can be used to clarify the role of precipitates on the Cr diffusivity and evaluate the
feasibility of Wagner criteria %81 for forming an external layer of Cr.0s is applicable or
not in the W-added 9Cr and Nb-added 9Cr alloys.
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1.6 Thesis layout
In this thesis, the work is separated into six chapters. The layout of this work is presented

in figure 1.11.

Chapter 1

Introduction

Chapter 2 Chapter 3
The Effect of Tungsten Addition on the Steam The Effect of Niobium Addition on the Steam
Oxidation Behavior of Fe-9Cr Alloy at 923 K Oxidation Behavior of Fe-9Cr Alloy at 923 K
Chapter 4

The Effect of Tungsten and Niobium on the Cr Diffusivity in the Fe-9Cr Alloys with the Alloying Element

|

Chapter §

Engineering Design of Future 9Cr Ferritic/Martensitic Steel with a Better Steam Oxidation

Resistance for Application of A-USC Power Plant

¢

Chapter 6

Conclusions

Figure 1.11 Layout of the thesis.

Chapter 1: Introduction

This chapter describes the background of this study: The energy demand and emission
reduction issues that need to improve power plant efficiency. The literature review of
typical 9-12% Cr steel properties is presented. Based on the research background, the

objectives of this work are set.

Chapter 2: The Effect of Tungsten Addition on the Steam Oxidation Behavior of Fe-
9Cr Alloy at 923 K

Fe-9Cr alloy and three different concentrations W added 9Cr alloys are compared to
investigate the effect of tungsten as a dissolved element and precipitate in different

volume fractions in the steam oxidation behavior of Fe-9Cr alloy at 923 K. The scale
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formation mechanism of W added Fe-9Cr alloy is clarified based on obtained data. In
addition, the effect of microstructure due to different cooling rates is also presented in

this chapter.

Chapter 3: The Effect of Niobium Addition on the Steam Oxidation Behavior of
Fe-9Cr Alloy at 923 K

The steam oxidation behavior of base Fe-9Cr alloy and Nb added Fe-9Cr alloy at 923 K
are compared. The oxidation mechanism of scale formation and the effect of FezNb in the

ferritic matrix are clarified based on obtained data.

Chapter 4: The Effect of Tungsten and Niobium on the Cr Diffusivity in the Fe-9Cr
Alloys with the Alloying Element

Cr diffusivity was determined by investigating the concentration profile from the
diffusion couple sample. The tests were carried out at 1073 K in a vacuum ambiance. The
effect of solute elements of W and Nb as well as precipitates on the Cr diffusivity are

clarified based on the obtained data.

Chapter 5: Engineering Design of Future 9Cr Ferritic/Martensitic Steel with a
Better Steam Oxidation Resistance for Application of A-USC Power Plant

Based on the obtained data from previous chapters, the suggestions are made for better
knowledge to design typical 9Cr steel which precipitated Laves phase with a better

oxidation resistance at elevated temperatures.

Chapter 6: Conclusions

The conclusions of each chapter are summarized in this chapter.
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Chapter 2 The Effect of Tungsten Addition on the
Steam Oxidation Behavior of Fe-9Cr Alloy at
923 K

2.1 Introduction

The addition of alloying elements is one of the effective ways to improve mechanical
properties and oxidation resistance. For many decades, researchers have been changing
the chemical composition of ferritic steel by adding a low amount of Laves phase
formation elements such as Nb, W, Mo, etc. This chapter investigated the effect of
tungsten (W), as a laves phase former element, on the steam oxidation behavior of Fe-
9Cr alloy at 923 K. Fe,W or (Fe,Cr)2(Mo,W) Laves phase is well known to precipitate in
the 9-12Cr ferritic/martensitic steel during long-term creep exposure at temperatures
ranging 550°C-700°C . The latest development of 9Cr steel is the finding grade P93,
containing 3%W and 3%Co 2. The presence of W in the steel provides both solid
solutions strengthening and precipitation strengthening by the Fe,W laves phase B4, At
the same time, Co, as an austenite stabilizer element, suppresses the formation of 6-ferrite
(231, Therefore, this material is expected to have better stability of lath martensite and

better creep properties at 650°C 251,

The investigation of the oxidation behavior of this new grade is still limited. Tang et al.
61 reported the role of Co, Al, and Mn in forming an external Al,Os in dry and wet at
650°C. Abe et al. [! reported that using the pre-oxidation treatment on 9Cr-3W-3Co
alloys developed Cr20s-rich oxide in the steam at 650°C. However, further investigation
on oxidation behavior by adding major alloying elements of this new grade steel is
essential. Although W is a promising element for improving mechanical property, W is
believed to harm steel in steam at 650°C, but still, no clear evidence has been found [,
This chapter aims to investigate the effect of W addition, including the laves phase, on
the oxidation behavior of the 9Cr alloy.
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2.2 Experimental

2.2.1 Sample preparation

Fe-9Cr alloy and three different compositions of W added Fe-9Cr alloys were prepared
to separate the effect of W as solute element and as precipitate on the steam oxidation
behavior of Fe-9Cr alloy at 923 K. The composition was chosen by considering the
ternary phase diagram of the Fe-Cr-W system at 873 K from the reference, as shown in
figure 2.1 Pl In addition, point analysis was taken on the matrix of pre-aged of
supersaturated alloy (Fe-9Cr-6W alloy) to estimate the solubility limit of W in the matrix
Fe. The point analysis found that the solubility limit of W in the matrix of the Fe-9Cr-6W
alloy was around 2.7 mass% or 0.84 at.% after annealing for 864 ks at 923 K. Therefore,
four ingots of Fe-9Cr (OW), Fe-9Cr-1.5W (1.5W), Fe-9Cr-3W (3W), and Fe-9Cr-6W
(6W) (mass%) were made from Fe (purity 99.99%), Cr (99.999+%), and W (99.95%) by
arc melting methods. The OW represents the base alloy, 1.5W represents the W dissolved
alloy, 3W represents W supersaturated alloy with small amount of precipitates, and 6W
represents the precipitated alloy. The semiquantitative chemical composition obtained by
X-Ray Fluorescence spectrometry (XRF) is presented in Table 2.1.

The heat treatment conditions of each ingot are listed in Table 2.2. Solution treatment was
conducted in a certain condition. The ingots were then cut into around 1.5 mm thickness

coupon and experienced cold rolling with a thickness reduction £ 30%. A hole was

drilled into the sample. Recrystallization was conducted in a vacuum ampule in the same
condition as solution treatment. Aging treatment was conducted on Fe-9Cr-3W and Fe-
9Cr-6W alloys to precipitate laves phase. All heat treatments were conducted in a vacuum

ampule to avoid surface degradation.

Two different cooling rates, water quenching (WQ) and furnace cooling (FC), were
conducted to investigate the effect of microstructure produced by different cooling rates
on the oxidation behavior of the alloys. In the case of the FC sample, the cooling rate was
set to be 5 K/min inside the furnace to achieve a homogeneous ferrite structure, while the
WQ was conducted to be comparable to the actual condition. Before the oxidation test,
all the samples were grounded with abrasive paper (#600 ~ #5000) and polished using a

series of diamond pastes (9 um ~ 0.25 pm) to mirror finish, the thickness and
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circumference of the sample were measured, and the surface area of the sample was
estimated using ‘Image J* software. Before the oxidation test, the sample was cleaned
with an ultrasonic cleaner in ethanol for 0.6 ks. Apart from the cooling rates, all sample

experiences the same treatments.

W
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¢
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at4Cr

Figure 2.1 Fe-Cr-W ternary phase diagram at 873 K [°1,
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Table 2.1 Chemical composition of the alloys (mass%).

Alloy Fe Cr w
FC OW Bal. 9.05 -
WQ OW Bal. 9.03 -
FC 1.5W Bal. 9.13 1.35
FC 3W Bal. 9.10 2.98
WQ 3w Bal. 9.10 3.04
FC 6W Bal. 8.97 6.10
WQ 6W Bal. 9.16 6.14

Table 2.2 Heat treatment conditions of the alloys.

Heat Treatment
Alloy Solution Treatment | Recrystallization | Aging Treatment
T/K t/ ks T/K t/ ks T/K t/ ks
ow 1273 86.4 1273 - -
1.5W - -
0.6
3w 1623 43.2 1623
923 864
6w

2.2.2 Experimental procedure

In this experiment, the steam oxidation test was carried out at 923 K in an Ar-15% H>O
gas mixture. The oxygen partial pressure inside the main furnace was maintained to be
1.3x107! Pa, which is in the stable region of magnetite at 923 K. The test was conducted
in the apparatus, as illustrated in Figure 2.2. The argon gas was used to bring the water
vapor to the ZrO. oxygen pump, which operated at 1173 K. The current was applied to
eliminate impurity O in the Ar gas and produce small amount of H, from H2O. The gas
mixture went through the evaporator and saturator, which operated at 338 K and 328 K,

respectively, to produce a 15%H,0 gas mixture. The ribbon heater wrapped the glass
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pipes to prevent condensation of the gas mixture. The flow rate of the gas mixture was
controlled by a mass flow controller to be 1.67x10® m*/s (150 mL/min). During the test,
the sample was placed in the soaking area of the main furnace, hanging in the Pt wire.
The attached thermocouple continuously monitored the temperature of the vicinity of the
sample. The oxygen partial pressure inside the furnace was monitored using a ZrO;

oxygen sensor to measure the EMF in the vicinity of the sample.

Zr0,0xygen Pump

Sample Controller

H 5 |Z Ribbon Heater
/1 s > |
; ==+
:
3 Stainless steel Thermocouple
Ceramic tube 19 chain
] )
3 i Mass Flow S
M Pt Wire
i
I
I
i

.3

v
A

Main Furnace

Ar

e Evaporator

Saturator
[l

N _II

ZrOZOxy_gen Sensor

Figure 2.2 Experimental Apparatus.
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2.2.3 Analytical method

The mass of samples before and after the oxidation test was measured by an electronic
scale to evaluate the oxidation rate. The sample photographs before and after oxidation
tests were taken by digital camera. After the test, the X-Ray Diffraction (XRD) analysis
was employed to identify the oxide scales formed on the sample surface after the
oxidation test. A Field Emission Scanning Electron Microscope (FE-SEM) equipped with
an energy dispersive spectroscopy (EDS) was used to observe the microstructure of the
sample before the oxidation test and the surface and cross-sectional morphology of the
oxidized sample. The thickness of the oxide scale was measured from the obtained images
from 10 points to evaluate the growth rate of the oxide scale, as shown in Figure 2.3. The
element and point mapping were taken on the cross-sectional of the sample by EDS. This
characterization was employed to analyze the elemental distribution as well as to analyze

a point in quantitative measurement.

1 2 3 4 5
_T— Oxide
Metal
Oxide
6 7 8 9 10

Figure 2.3 Points for cross-sectional observation.
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2.3 Results

2.3.1 Microstructure and phases of samples before oxidation

Figure 2.4 shows the XRD pattern for all alloys before the test. All samples showed peaks
of matrix ferrite. Figure 2.5 presents the BE images of the microstructural of each sample
before the oxidation test observed by FE-SEM. The dark grey represents the matrix in the
BE images, and the white particle is Laves phase. Large ferrite grain was observed on all
FC samples. The Laves phase was not observed on the FC 1.5W due to the W content
being below the solubility limit of W in the Fe-9Cr alloy, which was checked previously
by point analysis was about 2.7 mass%. The FC 3W, which has a composition near the
solubility limit and W fully solute in the substrate, precipitated laves phase along grain
boundaries, while in the FC 6W, the laves phase was also found to decorate the grain

boundaries and grain interior of the ferrite matrix.

Due to rapid cooling, different microstructure was observed on WQ samples. The
formation of massive ferrite was observed on the WQ OW. The WQ 3W showed a dual-
phase microstructure of ferrite and martensite. The laves phase was precipitated along
grain boundaries and lath boundaries, and a small amount in the grain interior of ferrite
grain. The formation of a dual phase on WQ 3W becomes possible if, during the cooling
process, the alloy enters the BCC + FCC region at a lower temperature than the solution
treatment before rapidly cooling down to room temperature. The WQ 6W formed a large
ferrite grain with laves phase precipitated homogeneously in the matrix. Etching was
conducted only for binary alloys. From the obtained figures, the grain size of each sample

was estimated using the mean linear intercept method and listed in Table 2.3.
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Figure 2.4 XRD patterns of all alloys before oxidation test. (a) Furnace cooling
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Figure 2.5 BE images of the surface morphology of all sample before the test.
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Table 2.3 Estimated grain size of the alloy before oxidation

Alloy Grain size (um)
FC OW 30
FC 1.5W 388
FC 3W 112
FC 6W 240
WQ 0W -
WQ 3w 20
WQ 6W 244
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2.3.2 Mass change of the sample after oxidation test

Figures 2.6 and 2.7 show mass change of the FC and WQ samples after the oxidation test
at 923 K up to 345.6 ks. No exfoliation was found on all samples. The mass change value
was not significant on both cooling rates alloys, indicating the effect of microstructure
due to rapid cooling was minor. In all samples, the oxide growth could be seen gradually
decrease after 21.6 ks. As all W added alloys showed a lower mass change to OW alloys,
adding W into 9Cr alloys could improve the oxidation resistance. Drastic improvement
was observed from OW to 3W alloys, which indicates that adding saturated W gave
significant improvement to retard the oxidation rate. While an improvement on the mass
change by adding more W from 3 mass% to 6 mass% to add volume fraction of Laves
phase did not improve the oxidation properties as much as the effect of saturated W gave
into the alloy. In comparison, the mass change trend was scattered in the case of low W
alloy (FC 1.5W).

33



150

(a) FC
o
'E ¥4 1.5W
> B 3W
7 1007 |2 ew
<
> ,
[ o
e
G 50 o y
A
= L
- ’ 2]
f".o 2 ""ﬂ""""::::::u ............ s
O,gf;sg::':::::_&_l ............... | |
0 200 400
Time, t/ ks
150
(by wQ
(] -O- OW "‘.‘O
E -0 3W
> & BW
—= 100} |
Iq /@"
@
(=]
C -’
.g ,O'
G 50+ ;
w
[71]
(1]
E , IR F
d’ r ____________ R
"/ ggesiiiiommes framemnmennn T
oL-E T | |
0 200 400
Time, t/ ks

Figure 2.6 Mass change of (a) furnace cooling and (b) water quenching alloys after

oxidation test up to 345.6 ks.
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2.3.3 Identification of the oxide scale

Figures 2.7 - 2.10 shows the XRD pattern from all samples after the oxidation test up to
345.6 ks. As shown in Fig. 2.7, the oxide formed on both FC OW and WQ OW was
dominated by FeO in the early stage of the oxidation test and then dominated by Fe3O4
after oxidization for 84.6 ks. Figure 2.8 shows the data from samples with lower mass
change on FC 1.5W. The peaks of a-Fe were still detected on the sample oxidized for
345.6 ks. In comparison, the data from samples with higher mass change, which was not
shown in the figure, the sample oxidized for 172.8 ks showed only peaks of Fe3O4, and
the sample oxidized for 345.6 ks only showed FeO peaks. Different behavior was found
on oxide formed on FC 3W, FC 6W, and WQ 6W, which was found to be dominated
mainly by FeO. The WQ 3W showed a mixture of the a-Fe, FeO, and FesO4 for all

samples.
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Figure 2.7 XRD patterns of OW alloys after oxidation test up to 345.6 ks.
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Figure 2.8 XRD patterns of FC 1.5W alloys after oxidation test up to 345.6 ks.
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Figure 2.9 XRD patterns of 3W alloys after oxidation test up to 345.6 ks.
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Figure 2.10 XRD patterns of 6W alloys after oxidation test up to 345.6 ks.
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2.3.4 Surface morphology after oxidation

Figures 2.11-2.14 show scale morphology from each sample after the oxidation test up to
345.6 ks observed by FE-SEM. The oxide morphology observed on binary and ternary
alloys was different. As shown in Fig. 2.11, bigger oxide grain was observed on both FC
OW and WQ OW. From the XRD analysis, the outermost scale morphology formed on all
FC OW was expected as FesO4 while on the WQ OW oxidized for 21.6 ks was FeO, then

developed a Fe3Oa.
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Figure 2.11 SE images of the surface morphology of FC OW and WQ OW after the
oxidation test up to 345.6 ks.
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Compared to binary alloys (Fig. 2.11), the W-added alloys showed a flatter surface with
the formation of spike-like and or granule-shaped oxide grain on the top of the sample.
(Figs. 2.12-2.14). Since that shape was not observed on the binary samples, the
morphologies were suggested to be formed due to the presence of W in the alloy. The
growth of spike-like and granule-shaped oxide was observed more in the WQ samples.
The WQ 3W formed more granule-shaped oxide at the beginning of the oxidation test,

then grew more fractions of spike-like oxide grain on the top of the granule-shape oxide.

The WQ 6W formed longer spike-like oxide on the granule-shaped oxide grain. All W-
added FC samples formed non-uniform morphology on the whole sample's surfaces even
after being oxidized for 345.6 ks. This non-uniform was found more on FC 1.5W, then
more homogeneous with W addition. XRD identified the oxide as FeO on FC 3W and FC
6W. In addition, point analysis was taken of the FC 6W sample after the oxidation test
for 345.6 ks. The result shows that Fe and O dominate the surface. The spike-like oxide
grain consisted of Fe and W, the granule-shaped oxide grain contained a low

concentration of W, and a small amount of Cr was presented on the sample's surface.
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Time FC 1.5W

Figure 2.12 SE images of the surface morphology of FC 1.5W after the oxidation test up
to 345.6 ks.
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Figure 2.13 SE images of the surface morphology of FC 3W and WQ 3W after the
oxidation test up to 345.6 ks.

44



Time

21.6

86.4

172.8

345.6

Figure 2.14 SE images of the surface morphology of FC 6W and WQ 6W after the
oxidation test up to 345.6 ks.
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2.3.5 Cross-sectional images of the oxide scale after the oxidation

Figure 2.15 shows the BE images of the cross-sectional area of FC OW and WQ 0W
oxidized up to 345.6 ks. The binary alloys exhibited a duplex scale from the beginning.
Two layers could be distinguished on the outer and inner parts from the BE images. From
the XRD, the outer part consisted of FeO on the bottom part and FesO4 on the outer part.
The inner part was divided into the inner scale and internal oxidation zone (10Z). The
growth on the duplex scale on both FC and WQ OW alloys formed a defect (pores) in the

outer/inner scale interface.
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Figure 2.15 BE images of the surface morphology of FC OW and WQ 0W
after the oxidation test up to 345.6 ks.
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Figure 2.16 shows the high magnification of the BE images on the sample after the
oxidation test for 345.6 ks. It could be seen that severe oxidation attacked the grain
boundaries. The difference between FC and WQ OW alloys could be seen from the
orientation of the internal oxidation in the I0Z. The internal oxidation that appeared on
the FC sample was dominated by one direction, spike-like, from the oxide to metal
direction. As a comparison, the internal oxide particle formed on WQ OW was more

random. In addition, the average thickness of the total scale after oxidation for 345.6 ks

was 107 g m and 109 ¢ m for FC OW and WQ 0W, respectively. Besides, the inner part

(inner scale and 10Z) was found even on the WQ OW.

Figures 2.17 and 2.18 show the elemental mapping from the cross-sectional FC and WQ
OW samples after the oxidation test for 172.8 ks. Due to the different oxide thicknesses,
higher magnification images were presented, which were focused on the 10Z side. From
the figures, both samples show two layers of iron oxide on the outer scale, and the inner
scale consists of (Fe,Cr)304 oxide. The Cr enrichment could be observed along with the
darker band and former grain boundaries. This enrichment was more noticeable in the
inner part of WQ OW.
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Inner scale

(b) Inner scale

Figure 2.16 High magnification BE images of the cross-sectional of (a) FC OW
and (b) WQ OW after the oxidation test for 345.6 ks.
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Figure 2.17 Elemental mapping of the cross-sectional of FC OW after the
oxidation test for 172.8 ks.
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Figure 2.18 Elemental mapping of the cross-sectional of WQ OW after the
oxidation test for 172.8 ks.
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Figure 2.19 shows the cross-sectional images from the cross-section of FC 1.5W alloy
after the oxidation test up to 345.6 ks. Two different structures with significant thickness
differences were observed in one sample of FC 1.5W from the beginning. Figure 2.20
shows the high magnification BE images from the sample oxidized for 345.6 ks.
Formation of the duplex scale (thicker area) was observed on almost 70% of the sample.

Compared to the duplex scale formed on FC OW after oxidation for 345.6 ks (107 u m),

the duplex scale formed on FC 1.5W was thinner (39 « m). In addition, the darker band

was observed to be more noticeable in the interface of the inner scale/lOZ. Compared to
the duplex scale formed on FC OW, the ratio of inner scale to 10Z was smaller on FC 1.5
W. The 10Z of FC OW can occupies more than 80% of inner part, while the 10Z of FC
1.5W only occupy less than 80% inner part. However, it should be noted that the mass
change was scattered on the FC 1.5W. The presented data of the sample oxidized for

345.6 ks had thinner overall oxide scale than the sample oxidized for 172.8 ks.

The rest of the cross-section of FC 1.5W appeared as thin oxide without forming an inner
scale. The thickness of 10Z on both thinner and thicker parts was about the same. The
10Z of the thinner part showed two different oxide grain sizes with the appearance of a
small fraction of white particles at the upper part of I0Z, which was suggested as Laves
phase. The outer part of the thinner part consisted of two layers but had a different layer
than the outer part of the thicker part (duplex scale). As shown in Fig. 2.8, XRD analysis

detected the whole surface was mixed with a-Fe, FeO, and FesOa.

Figures 2.21 and 2.22 show the elemental mapping for the thicker and thinner area on
cross-sectional observed on one FC 1.5W sample oxidized for 345.6 ks. It could be seen
that the inner scale of the thicker area was rich in Cr and W. While the 10Z on both the

thicker area and thinner area was slightly rich in Cr.
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Figure 2.19 BE images of the cross-sectional of FC 1.5W after the
oxidation test up to 345.6 ks.
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Figure 2.20 High magnification BE images of the cross-sectional of
FC 1.5W after oxidation test for 345.6 ks.
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Figure 2.21 Elemental mapping of the cross-sectional of thicker part of
FC 1.5W after the oxidation test for 345.6 ks.
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Figure 2.22 Elemental mapping of the cross-sectional of thinner part of
FC 1.5W after the oxidation test for 345.6 ks.
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Figure 2.23 shows the BE images of the cross-sectional images from FC 3W after the
oxidation test up to 345.6 ks. Similar to the FC 1.5W alloys, the FC 3W formed two
different thicker and thinner oxide structures. The ratio of the thicker part (duplex scale)
to the thinner part was about 1:1, which is less than FC 1.5W. As shown in Fig. 2.9, XRD
analysis showed that the oxide on FC 3W up to 345.6 ks was dominated by FeO, while
FC 1.5 W showed a mix of FeO and Fe3Oa.

Figure 2.24 shows BE images of the cross-sectional images from WQ 3W after the
oxidation test up to 345.6 ks. Unlike FC 1.5W and FC 3W, the WQ 3W performed a
uniform thin oxide structure on the whole of the sample. However, the mixed structure
was found on the 345.6 ks sample with the disappearance of the lath boundaries

phenomenon. In this sample, the formation of an inner scale was observed.

Figure 2.25 shows the high magnification of the cross-sectional area of FC 3W and WQ
3W oxidized for 172.8 ks. The size of internal oxidation grain on all samples was found
bigger and darker near the alloy substrate (I0Z front). The former grain boundaries (lath
boundaries) experienced more severe oxidation than the grain interior and appeared as a
darker band. In addition, this darker band was more noticeable along the interface of the

inner scale and 10Z on the thicker oxide structure.

57



Time

21.6

FC 3W (thick)

Resin

Outer scale

Inner scale

FC 3W (thin)

Resin
Outer scale

(074

Metallic layer
ks {074
Resin
Outer scale
Outer scale
86.4 Inner scale
ks
074 Metallic layer
Resin
Outer scale
Outer scale
Inner scale
10Z
172.8
Metallic layer
ks
Resin
Resin
Outer scale
Outer scale
Inner scale 10Z
345.6
ks o74

Figure 2.23 BE images of the cross-sectional of FC 3W after the

oxidation test up to 345.6 ks.
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Figure 2.24 BE images of the cross-sectional of WQ 3W after the
oxidation test up to 345.6 ks.
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Figure2.25 High magnification BE images of the cross-sectional of (a) FC 3W thicker
part, (b) FC 3W thinner part, and (c) WQ 3W after the oxidation test for 172.8 ks.
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Figures 2.26 and 2.27 show the elemental mapping for the thicker and thinner area on
cross-sectional observed on one FC 3W sample. Compared with FC 1.5W (Figs. 2.21 and
2.22), adistinct Cr-rich layer was found at the bottom part of the inner scale. W was found
higher in concentration in this layer than in the matrix. Cr enrichment was also found in
the grain boundaries of the thinner area. The elemental mapping confirmed the deposit of

metal (mostly Fe).

Figure 2.28 shows the elemental mapping of the cross-sectional area observed on WQ
3W. It could be seen that the darker parts: 10Z front, former grain boundaries, and along
the interface of inner scale and 10Z; were rich in Cr. It was observed that precipitation of
a small fraction of newly Laves phase precipitated in both inner scale and 10Z. At the
same time, former Laves are still not fully oxidized and still decorate the oxidized former
grain boundaries. Furthermore, the 10Z was found slightly deeper in the matrix near grain

boundaries.
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Figure 2.26 Elemental mapping of the cross-sectional of thicker part of
FC 3W after the oxidation test for 172.8 ks.
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Figure 2.27 Elemental mapping of the cross-sectional of thinner part of
FC 3W after the oxidation test for 172.8 ks.
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Figure 2.28 Elemental mapping of the cross-sectional of thicker part of
WQ 3W after the oxidation test for 172.8 ks.
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Figure 2.29 shows the BE images of the cross-section from FC 6W and WQ 6W after
oxidation tests up to 345.6 ks. Unlike fewer W alloys, the 6W offers the stability of the
thin oxide structure. The scale thickness was about the same on both FC and WQ 6W
alloy, although the Laves phase precipitated finer and homogeneously in WQ alloy. In
addition, the formation of a darker band in the I0Z/metal interface was found in the WQ
6W before it started to annihilate by more extended oxidation time. Furthermore, it was
found that 10Z od FC 6W grew by the oxidation time, but in the WQ 6W, the growth of

10Z was found to be almost the same after 86.4 ks.

Figure 2.30 shows the high magnification from the inner part of the samples. The figure
shows the formation of the new fine Laves phase in the 10Z in FC 6W alloy. In contrast,
the precipitation of the newly Laves phase in the WQ 6W, which precipitated a higher
volume fraction of the fine Laves phase, was harder to distinguish from the former Laves

phase.
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Figure 2.29 BE images of the cross-sectional of FC 6W and WQ 6W
after the oxidation test up to 345.6 ks.
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Figure 2.30 High magnification BE images of the cross-sectional of
(a) FC 6W and (b) WQ 6W after the oxidation test for 345.6 ks.
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Figure 2.31 shows the elemental mapping on the cross-sectional FC 6W sample after
oxidation test for 172.8 ks. The elemental mapping showed almost the same behavior as
the thinner part observed on FC 3W (Fig. 2.27). However, a more homogeneous Cr
enrichment was found on the FC 6W alloy. The W enrichment was also found mostly on
I0Z and precipitates. The elemental mapping confirmed the metal (mostly Fe) layer,
which was not oxidized. Figure 2.32 shows the elemental mapping of the cross-sectional
area observed on WQ 6W after the oxidation test for 172.8 ks. It could be seen that the
darker parts, which were more distinct in WQ 6W, were rich in Cr. The other behavior

was about the same with the FC 6W.
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Figure 2.31 Elemental mapping of the cross-sectional of FC 6W after the oxidation test
for 172.8 ks.
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Figure 2.32 Elemental mapping of the cross-sectional of WQ 6W after the oxidation test
for 172.8 ks.
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2.3.6 Thickness of the oxide scale

Figure 2.33 shows the thickness trend of the inner part (inner scale + 10Z) and the total
scale obtained from 10 points of each sample. The thickness of the FC 1.5W alloy was
not included due to instability observed by the mass change profile. It could be seen that
W-added alloys developed extremely thin oxide compared to the binary alloy. From the
graph, no distinct differences were observed in both FC and WQ OW. both alloys showed
nearly equal thickness between the outer and inner parts of the scale. In contrast, all
ternary alloys formed thin oxide scales where the inner scale occupied more than half of
the scale. Due to the instability mass change and formed oxide structure, the thickness
profile of the oxide on FC 1.5W was not presented in this work. The scale thickness
formed on 3W is presented separately, the open mark represents the thick part, and the
close dot represents the thinner part. It could be seen that the scale thickness jumped on
the WQ 3W sample oxidized for 345.6 ks due to the formation of the duplex scale.
Compared to the 3W, 6W developed a thicker metal layer, but the thickness of the 10Z
was almost the same as the observed thinner area of 3W. Furthermore, it was found that
I0Z od FC 6W grew by the oxidation time, but in the WQ 6W, the growth of 10Z was

relatively small after oxidation for 86.4 ks.
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Figure 2.33 Thickness of each scale layer on all samples after oxidation test up to

345.6 ks.
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2.3.7 Brief summary of the results

Binary FC 0 W and WQ O0W formed a duplex scale. The FC 1.5W formed a mixed
structure of the duplex scale and a thin scale without an inner scale. The ratio of the
thinner to the thicker area was about 7:3. Adding 3W improves the oxidation rate
significantly, represented by low mass change. Similar to FC 1.5W, FC 3W has a mixed
scale structure, but the thinner to thicker scale area was 1:1. The WQ 3W formed a
uniform thin structure, but a thick scale started to be found after 345.6 ks. FC 6W and
WQ 6W give a stable structure of a thinner structure, but the mass change was not
significantly different from FC 3W and WQ 3W. The elemental mapping reveals that the
thinner part has well distributed Cr in the 10Z, and the thicker part forms a Cr-rich layer
at the bottom part of the inner scale. Both structures showed fine new Laves phase
particles precipitated in the 10Z.
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2.4 Discussion
2.4.1 Development of the oxide scale on the Fe-9Cr and W-added Fe-9Cr alloys

The scale formation mechanism of typical 9Cr steel or Fe-Cr alloys is widely reported in
many studies [1°121. Based on the obtained data, the scale formation mechanism for Fe-
9Cr alloy and the thin part of the oxide formed on W-added Fe-9Cr alloys is proposed in
this work, as shown in figure 2.34. In the case of Fe-9Cr alloy, the Cr, which has higher
oxygen affinity, will be oxidized earlier to form Cr,O3 particles in the matrix Fe to form
I0Z. Fe diffused outward, developed Fe nodule, then the nodule oxidized to form an outer
scale. Because the oxygen partial pressure during the test was maintained at the stable

region of FesOg, the outer part was supposed to consist of FeO and Fe3O4 layers.

By the penetration of oxygen, old Cr,Oz particles react with the matrix of Fe to form
FeCr204 in the 10Z, and new Cr.03 particles nucleated at the 10Z front. Because of the
growth of 10Z, the chemical potential of oxygen in the 10Z increased and oxidized the
matrix of IOZ to form an inner scale (FeO). The recession of the 10Z/inner scale interface
happened because Fe ions diffuse outward through the inner scale to build the outer scale.
Therefore, the oxygen partial pressure at the 10Z/inner scale interface was in the
Fe/FeO/FeCr204 equilibrium. However, because the solubility limit of Cr in FeO at 923
K is negligibly small, the oxygen partial pressure at this interface is close to the Fe/FeO
equilibrium. The 10Z/matrix interface was at the Cr/Cr,Os equilibrium.
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Figure 2.34 Schematic representation of the proposed mechanism for scale formation on
the Fe-9Cr alloy.

To explain the scale formation mechanism in W added 9Cr alloy, it is important to
consider the phenomenon of the formation of new laves phase in the oxidized area. It
could be seen that there are two types of Fe;W laves phase with different sizes in figures
2.25 and 2.30. The coarse FeoW was found along the grain boundaries, and the fine laves
phase precipitated in the 10Z within the oxide particle. The fine Fe;W was not observed
at the 10Z front. Besides FC and WQ 6W, this phenomenon was observed in both the
thick and thin oxide structure of FC 3W alloy and a very low fraction in FC 1.5W. In
addition, to examine the phases that existed in the 10Z, an XRD analysis was performed
on the surface polished FC 6W sample oxidized for 172.8 ks, as shown in figure 2.35.
The XRD confirmed the formation of FeCr.O4 and FeWOs in the 10Z of the polished

sample.
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Figure 2.35 XRD pattern of surface polished FC 6W sample oxidized for 345.6 ks

One of the possibilities to explain this phenomenon is oxidation-induced precipitation or
W accumulation near the oxide particles. According to a study, the formation of the Laves
phase at the steel/oxide interface in ferritic stainless steel may occur due to the rejection
and accumulation of the Laves phase former element induced by selective oxidation of
Cr [31 Therefore, in this study, fine Laves phase precipitates in the 10Z are considered to
form as a result of W accumulation in the 10Z matrix during the formation and
development of Cr-containing internal oxidation in the alloys.

Figure 2.36 shows the Fe-W-O phase diagram from reference [*4l. It could be understood
that W oxides are not directly equilibrated with the alloys for the composition applied in
this experiment. In addition, under the Fe/FeO equilibrium, W dilute alloys are
equilibrated with FeWOQa. Considering the thermodynamics data from references (1426
the oxygen potential - composition diagram of the Fe-W-O system at 923 K is estimated

and presented in Fig. 2.37. Then, the scale formation mechanism of W added Fe-9Cr
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alloys is proposed. In particular, the mechanism is separated into thin and thick structures,

as shown in figure 2.38.
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Figure 2.36 Fe-W-O phase diagram at 1200 K from reference 141,
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Figure 2.37 Oxygen potential - composition diagram of the Fe-W-O system at 923 K
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Figure 2.38 Proposed mechanism for scale formation on the W added Fe-9Cr alloys.

(a) Thin oxide scale and (b) thick oxide scale.

Since two types of oxide structures on low W alloys showed almost similar thicknesses
and morphologies to the 10Z (Figs. 2.19 and 2.23), which indicated the growth
mechanism on both structures was similar. In general, scale formation on thick and thin
structures formed on W-added 9Cr alloys is started by the internal oxidation of Cr and W

to develop 10Z. At the same time, the Fe nodule formed on the sample’s surface.
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In the case of thinner oxide structure (Fig. 2.38 (a)), the Cr2O3 particles preferentially
precipitate near the front of the 10Z because Cr has a higher oxygen affinity than other
elements. By oxygen penetration, the Cr.O3 reacts with the matrix to form FeCr204. The
formation of FeCr2O4 consumes Fe and Cr, which results in the accumulation of W in the
matrix of 10Z. Then, the W content in the matrix reached the two phases region in the
Fe-W-O system. The accumulated W reacted with Fe and dissolved O to form Fe;W
and/or FeWOQs in the 10Z. Considering the oxygen affinity data shown in figure 2.37, the
Cr203 particles are supposed to be located at the 10Z front, the FeCr,04 at the bottom of
10Z, and the FeWOs at the upper part of 10Z. The accumulation of W in the matrix of
I0Z led the matrix Fe to shift and stabile at line A.

After developing FeEWOQq in the 10Z, there will be Fe,W, FeWOs, and the matrix of Fe
that exists in the 10Z. At this point, the 10Z is in the Fe(W)/Fe:W/FeWOQO4 equilibrium,
which was calculated to be 1.1 x 102° Pa at 923 K (Line A in Fig. 2.37). This value is
slightly lower than the Fe/FeO equilibrium (Point B in Fig. 2.37, P(O2) = 7.2 x 10°° Pa),
which prevents oxidation of the matrix of 10Z from forming FeO inner scale. Therefore,
it explained the absence of inner scale in the thin structure (Fig. 2.38 (a)). Further growth
of the I0Z may be governed only by the formation of Cr.Ozat the front. At the same time,
the diffusion of oxygen and iron atoms through the matrix of the 10Z is suppressed by

the small potential gradient of oxygen.

Another phenomenon found in the thin area (Fig. 2.38(a)) is the formation of a metallic
layer and a very thin oxide scale. In the case of FC and WQ 6W, peaks of FezOs were
negligible low compared to FeO (Fig. 2.10). As shown in figures 2.29 and 2.33, white
particles suggested as laves phase formed at the metallic layer. Therefore, the
accumulation of W in the metallic layer can be formed, but since it was not clearly
observed, this area was suggested to be very thin. Taking the same phenomenon of
formation Fe(W)/Fe,W/FeWO, occurred and located near the pure FeO, this layer can
suppress the penetration of oxygen into the substrate as well as the supply of Fe outward.
Further, the local equilibrium sets the potential oxygen low at the metallic layer/FeO
interface, which may induce the decomposition of iron oxides. The FeO may decompose
into Fe?* (in FeO) and O (in 10Z), in which the Fe?* not only reacts with oxygen to form

FesO4 but also react with FesO4 to form FeO. Then, the supply of Fe?* and O% from the
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FeO controls the competition of the reactions through the oxide scale. The decomposition
of iron oxides leads to a very low growth rate on the outer scale (mainly FeO) and the
absence of Fez04 at the outer scale. However, further investigation is needed to check the

actual oxygen potential in the scale surface.

In the case of the thicker oxide structure (Fig. 2.38(b)), the equilibrium of
Fe(W)/Fe2W/FeWOQyq is suggested not to be achieved due to the low volume fraction of
the constituent, moreover Fe;W. In other words, the accumulation of W cannot stabilize
the matrix of 10Z in line A (Fig. 2.37). Therefore, the matrix of 10Z is oxidized to form
the inner scale of FeO. In this structure, the enrichment of Cr and W at the front of the
inner scale was found. It is suggested the oxidized matrix of 10Z can form a more

protective layer to help hinder the outward diffusivity of the metal.

Although all W added 9Cr alloy formed a thin structure without forming an inner scale,
low W concentration Fe-9Cr alloy developed two types of scale structures. In addition,
the lath structure started to transform into ferrite WQ 3W samples oxidized for 345.6 ks.
In the proposed mechanism, the established Fe(W)/FeaW/FeWO4 equilibrium in the 10Z
is the key phenomenon that prevents the formation of inner scale in the W-added alloys.
Therefore, the formation of Fe(W)/Fe.W/FeWO, equilibrium is likely to be independent
of the volume fraction of Fe;W and the nominal W content in the alloys.

2.4.2 Effects of W content and initial microstructure on the scale development

The oxidation rate of FC 1.5W is better than the binary alloy, but the formed scale
structure was unstable. The oxidation rates became drastically improved when W content
increased to 3%, but still, the instability of the formed oxide structure was observed.
Adding more volume fractions of the Fe,W phase did not significantly affect the oxidation
rates, but the alloys formed a uniform oxide structure. The previous section suggested
that this phenomenon occurred because the W content in the low W alloys was
insufficient to establish more fraction of FeoW or FeWOg in the 10Z or stabilize the matrix
of 10Z, the local Fe(W)/Fe,W/FeWO, equilibrium for a longer time. Therefore, the
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formation of the inner scale occurs in the lower W alloys as the oxygen partial pressure

at the 10Z reaches for the FeO formation.

By conducting rapid cooling, the matrix became more complex. The OW formed massive-
transformed ferrite instead of a ferrite matrix. In the case of 3W alloy, the microstructure
changed into a dual-phase of ferrite-martensite by rapid cooling. It was found that there
was no significant difference between the oxidation rate on all FC and WQ samples. For
the OW alloys, rapid cooling contributes to a slightly more even and noticeable Cr
enrichment in the inner part of the scale. High cooling rates result in a higher density of
dislocations in the alloy, promoting a higher density of fine and homogeneous precipitates
[17.28] In the ternary alloys, the rapid cooling increased the volume fraction of laves phase.
In the case of WQ 3W, the lath microstructure provides preferable sites for forming the
laves phase. As a result, more volume fraction of the Laves phase in WQ 3W than in FC
3W.

As the key phenomenon for forming a thin structure, Fe(W)/FeaW/FeWO4 equilibrium
seems to be not established in some parts or grains in the low W alloys. Further oxidation
on the matrix of 10Z grows an inner scale of FeO. In the thicker part, the enrichment of
Crand W at the front of the inner scale was found. This enrichment was more noticeable
in the 3W alloys than in the FC 1.5W alloy. The inner part of the duplex scale formed on
FC 1.5 W was also thicker with a higher proportion of inner scale than the 3W alloys. It
suggested that W as a solid solution element contributes to Cr enrichment in the inner
scale and plays the main role in improving the oxidation resistance. Besides, the
precipitation helped increase the fraction of Fe;W in the 10Z to sustain the
Fe(W)/FeW/FeWOs equilibrium. The W in the precipitate contributed to developing and
maintaining the Fe(W)/FexW/FeWOQ, equilibrium in the 10Z. Furthermore, the Cr
enrichment distribution was better in the 10Z of the WQ 6W, which precipitated finer and
denser Laves phase fractions. It is suggested that Cr-rich oxides formation was initiated
by the Cr included in the Laves phase.

In addition, a higher W concentration followed by rapid cooling increases the magnitude
of stress in the matrix metal and the 10Z. It is causing more outward metal diffusion that

produces nodules or metallic layers during the 10Z formation. Although the thickest
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metallic layer formed on the WQ 6W alloy, the outer scale grew slower and thinner in the
6W alloys due to the small potential gradient of oxygen in the 10Z suppressing the

outward diffusion of iron atoms through the matrix.
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2.5 Conclusion

The effect of tungsten on the steam oxidation behavior of Fe-9Cr at 923 K was
investigated. Adding W into Fe-9Cr alloy significantly improves the oxidation resistance
of the alloy. Formation of the inner scale was absent in the high concentration alloys. In
the low concentration alloy, this structure was mixed with a duplex scale in some parts of
the alloy. A possible mechanism for scale formation in W added 9Cr alloys was proposed.
Three phases of Fe(W)/Fe;W/FeWOQO4 were formed during the development of 10Z. In the
Fe(W)/Fe,W/FeWOs4 equilibrium, the oxygen partial pressure of 10Z will be slightly
lower than the Fe/FeO equilibrium, which suppresses the formation of the inner scale.
The role of W is divided into two. As a solute element, W promoted Cr enrichment at
both the 10Z/inner scale and the 10Z/alloy interfaces, which suppress the outward
diffusion of metal ions. Solute W may induce the accumulation of W in the 10Z during
development of 10Z, which can lead to the formation of Fe(W)/Fe.W/FeWO4 equilibrium
in the matrix of I0Z. A finer and higher fraction of the Fe,W phase produced by more W
concentration and rapid cooling helps sustain Fe(W)/Fe.W/FeWO, equilibrium in the
10Z and contributes to better Cr enrichment in the inner part of the oxide scale.
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Chapter 3 The Effect of Niobium Addition on the
Steam Oxidation Behavior of Fe-9Cr Alloy at
923 K

3.1 Introduction

In the previous chapter, the effect of tungsten (W) on the steam oxidation behavior of Fe-
9Cr alloy at 923 K was divided into the effect of W as a solute element and precipitate.
Because the solubility limit of Nb in the matrix Fe is very narrow (Fig. 1.7), the effect of
NDb as a solute element on the oxidation behavior of metallic alloys will be difficult to be
elucidated. Therefore, in this chapter, the addition of Nb is focused on clarifying the effect
of intermetallic compounds, in particular Fe2Nb, on the oxidation behavior of ferritic 9Cr

alloy.

Unlike W, adding Nb to 9-12%Cr ferritic/martensitic steel is not addressed to give
precipitation hardening by forming Fe:Nb along the grain boundaries. The addition of
0.05 mass% of Nb into 9-10% Cr steel is well known to improve the mechanical property
by forming MX type of carbonitrides and prevent unwanted precipitation of Cr carbides
by forming NbC 2. NbC has a very low coarsening rate at 600°C and 650°C. It is
reported that a combination of NbC, V(C,N), and M23Cs provided large dislocation
pinning that helped to reduce boundary migration in typical 9Cr steel Bl In terms of
oxidation resistance, Nb is reported to give a better oxide scale adhesion and spallation
resistance to steels and nickel-based alloys. It also reported reducing expansion crack
during cyclic oxidation and reducing voids and gaps in the scale and scale/metal interface
(451 Nb is beneficial in improving Cr activity in Ni-Cr-Fe alloy . Adding Nb into high
Cr steel without other minor alloying elements such as Si forms Nb-rich oxide at the
metal/surface interface ['l. Besides, it is believed that Nb* and Nb°* ions doped Cr,03

increase the growth rate of Cr.O:s.

Although the formation of Fe>Nb is not proposed in typical ferritic/martensitic steels, the

effectiveness of the FeoNb Laves phase is reported in the ferritic stainless steel or heat
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resistance steels with Cr concentrations above 18% 9. During aging, the Laves phase
precipitated along the grain boundaries and inside the grain interior. The Laves phase
former elements diffuse to vacancies in the lattice and occupy a favorable site, leading to
the formation of elongated Fe2Nb along grain boundaries [1%]. These precipitates along the
grain boundaries were reported can retard the diffusivity of cation in the matrix metal. In
other work on ferritic stainless steel that precipitates Laves phases, mainly FexNb, it is
reported that the addition of Ce followed by W reduces the number of dissolved Laves
phases along grain boundaries or grain interior. It helped to suppress the diffusion and
hinder the inward growth of oxide. A higher amount of W leads to precipitation of coarse
Laves phase at the oxide/metal interface, thus significantly reducing the oxide scale

adhesion ™.

Further, the slower diffusion contributes to the formation of a thinner Cr.O3 scale instead
of forming layers of Cr-Mn-Fe spinel oxide and Cr2Os in ferritic stainless steel. It was
reported that the diffusivity of Fe in the (Fe,Cr,Mn)3O4 is estimated to be 10** cm?s? at
P(O2) = 107 bar at 1073 K, while the diffusivity of Fe in the Cr,0s is estimated to be 10°
20 cm 251 1. Although FeaNb Laves phase precipitation is found to give better oxidation
resistance in the high Cr ferritic steel, the effect of precipitation of Fe2Nb on the oxidation

behavior of typical 9-12Cr ferritic/martensitic steel is still unclear.
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3.2 Experimental

3.2.1 Sample preparation

The binary sample used in this chapter is the same as the FC OW alloy in chapter 2. Figure
3.1 2 shows the ternary phase diagram of the Fe-Cr-Nb system at 973 K from reference.
The solubility limit of Nb in Fe-rich areas is very narrow at 973 K. Pandat software 12
predicts the solubility limit of Nb at 923 K in Fe-9Cr alloy is around 0.1 mass%. From
this, the investigation of the solid solution effect becomes difficult. In this chapter, the
composition of Fe-9Cr-2Nb (mass%) was decided by considering the almost same

volume fraction of Laves phase precipitated in Fe-9Cr-6W alloys in chapter 2.

Fe 700°C
100

bee-(Fe,Cr)

C14-(Fe,Cr),Nb

(Cr,Fe),Nb, 40

bce-(Fe,Cr)

C15-(Cr,Fe),Nb

at. % Cr

Figure 3.1 Ternary phase diagram Fe-Cr-Nb at 973 K 111,
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The ingot of Fe-9Cr (mass%) and Fe-9Cr-2Nb (mass%) were prepared from Fe (purity
99.99%), Cr (99.999+%), and Nb (99.9%) by arc melting method. The Fe-9Cr alloy
which was used in this chapter was the same sample as WQ OW samples from chapter 2.
The semiquantitative chemical composition obtained by X-Ray Fluorescence
spectrometry (XRF) is listed in table 3.1. The heat treatments were conducted inside a
vacuum ampule. The heat treatment temperature and time of each ingot are presented in
table 3.2. The ingots were solution-treated in a vacuum ampule. The ingots were cut into

a coupon sample thickness of around 1.5 mm. The coupon then experienced a cold roll
with a rolling rate with a thickness reduction £ 30%. A hole was drilled into the sample
to hang the sample inside the testing apparatus. Recrystallization treatment was conducted
inside the vacuum ampule. An aging treatment was conducted for the ternary alloy to

ensure the precipitation of Laves phase in the ferrite matrix. Water quenching was
performed after all heat treatments.

Table 3.1 Chemical composition of the alloys (mass%).

Alloy Fe Cr Nb
Fe-9Cr Bal. 9.03 -
Fe-9Cr-2Nb Bal. 9.01 1.27

Table 3.2 Heat treatment conditions of the alloys.

Heat Treatment

Alloy Solution Treatment | Recrystallization | Aging Treatment

T/K t/ ks T/K t/ ks T/K t/ks

Fe-9Cr 1273 86.4 1273 0.6 - -

Fe-9Cr-2Nb 1573 43.2 1573 0.6 923 864
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After the heat treatments, all the samples were grounded with abrasive (#600 ~ #5000)
and polished with a series of diamond pastes (9 um ~ 0.25 um) until the mirror was
finished. The thickness and circumference of the sample were measured, and the surface
area of the sample was estimated using ‘Image J’ software. Before the oxidation test, the
samples were washed in ethanol using an ultrasonic cleaner for 0.6 ks, and the mass of

the sample was measured by an electronic scale.

3.2.2 Experimental procedure and analytical methods

The experimental procedure and analytical method in this chapter are similar to chapter
2. The steam oxidation test was conducted in a vertical furnace up to 345.6 ks. The
oxidation test was conducted at 923 K in the Ar-15%H,0 gas mixture. The flow rate of
the gas mixture was controlled to be 1.67x10° m3sL. The oxygen partial pressure inside
the furnace was maintained to be 1.3x10! Pa, which is in the stable region of magnetite
at 923 K. During the test, the temperature oxygen partial pressure in the vicinity of the
sample was continuously monitored by using a ZrO2 oxygen sensor. The mass change of
samples after the oxidation test was measured to evaluate the oxidation rates. The scale
was identified by X-Ray Diffraction (XRD). The surface and cross-sectional
morphologies of the sample before and after oxidation tests were observed by a Field
Emission Scanning Electron Microscope (FE-SEM) equipped with an Energy Dispersive
Spectroscopy (EDS). Similar to chapter 2, the thickness of the oxide scale was also
measured from 10 points from cross-sectional BE images, as shown in figure 2.3.
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3.3 Results

3.3.1 Microstructure and phases of sample before oxidation test

Before the oxidation test, the samples were characterized by XRD and FE-SEM. In Figure
3.2, only the peaks of ferrite appeared on both Fe-9Cr alloy and Fe-9Cr-2Nb alloy.
However, no Laves phase peak was observed in the ternary alloy. Figure 3.3 shows the
BE image of the microstructure of the etched samples. The chemical etching was
performed on Fe-9Cr alloy using a solution mixture of HNO3, HCI, and ethanol for a
certain time. It was found that the grain was not observed on Fe-9Cr alloy. It suggested
that by the absence of carbon in the alloy, the alloy will form massive-transformed ferrite
instead of a martensitic phase.

In the case of ternary alloy, the coarse gain was observed on the ternary alloy, which may
be because all Nb was not dissolved into matrix Fe. As shown in Fig. 1.9, the solution
treatment temperature is in the BCC phase region. The presence of intermetallic
compounds appeared as a white particle in the BE images. The intermetallic compounds
were found in coarse particles and fine particles along grain boundaries and grain interior
of the ferrite matrix of solution-treated samples. Therefore, it can conclude that the time
for solution treatment is not enough. Besides, the grain size of the Fe-9Cr-2Nb alloy

sample was estimated using the mean linear intercept method to be around 30 pm.
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Figure 3.2 XRD patterns of Fe-9Cr and Fe-9Cr-2Nb alloys before test.
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WD 10.4mm

Figure 3.3 BE images of sample microstructure before oxidation test:
(@) Fe-9Cr and (b) Fe-9Cr-2Nb alloys.
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3.3.2 Mass change of the samples

Figure 3.4 shows the mass change of the sample after the oxidation test at 923 K for up
to 345.6 ks for all alloys. All samples showed no spallation after the test. It could be seen
that Fe-9Cr-2Nb alloy showed a smaller mass gain compared to binary Fe-9Cr alloy. The
growth rate of both alloys follows the parabolic rate manner. Therefore, the addition of

Nb into the Fe-9Cr alloy improves the oxidation resistance of the alloy.
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Figure 3.4 Mass change of after oxidation test up to 345.6 ks.
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3.3.3 Identification of the oxide scale

Figures 3.5 shows the XRD pattern from all samples after the oxidation test up to 345.6
ks. Both alloys showed almost similar behavior. It was observed that FeO was observed
in the early stages, and in the longer oxidation period, the Fe3O4 was found to dominate
the surface of the alloys. However, the peak of FesO4was observed earlier in the Fe-9Cr-
2Nb alloy.
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Figure 3.5 XRD patterns of Fe-9Cr and Fe-9Cr-2Nb alloy after oxidation
test up to 345.6 ks.
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3.3.4 Surface morphology after oxidation

Figure 3.6 shows the SE images of the surface morphology of each sample after the
oxidation test up to 345.6 ks. XRD analysis confirmed that iron oxides covered all the
sample's surfaces. The scale morphology was uniform on the whole sample. Different
morphology was observed in the initial stage, which is also shown in the XRD pattern.
Both alloys showed similar oxide morphology after a more extended oxidation test, but
the Fe-9Cr-2Nb alloy showed a homogeneous fine oxide grain. No spallation was
observed on both alloys; however, cracks were found to propagate on several parts on the

samples oxidized for 345.6 ks.
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Figure 3.6 SE images of the surface morphology of all samples after the
oxidation test up to 345.6 ks.
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3.3.5 Cross-sectional images of the oxidized samples

Figure 3.7 shows the BE image of the cross-sectional area of all alloys oxidized up to
345.6 ks. The different phases could be distinguished from the distinct contrast in BE
images. It could be seen that Fe-9Cr and Fe-9Cr-2Nb alloys show similar oxide structures
of thick duplex scale with two different layers of outer scale and two different layers of
the inner part. The scale formed on Fe-9Cr alloy was thicker after a longer oxidation time.
The inner part of the Fe-9Cr and Fe-9Cr-2Nb alloy could be divided into the inner scale
and internal oxidation zone (I0Z). Both 10Z and inner scale were found flatter in the Fe-
9Cr-2Nb alloy. The ratio of inner scale to 10Z formed in the Fe-9Cr-2Nb alloy was bigger
than Fe-9Cr alloy. Darker parts/bands in the inner part were found to form more in the

matrix of 10Z of Fe-9Cr alloy, indicating oxidation reaction on Fe-9Cr was more severe.

Figure 3.8 shows the high magnification images of the inner part of the oxide scale formed
on each alloy oxidized for 345.6 ks. 10Z of Fe-9Cr-2Nb alloy presented a high density of
finer inner oxide grain. Enrichment of Cr was found in the inner scale of Fe-9Cr-2Nb
alloy. Additionally, the presence of niobium was only detected rich in the grain
boundaries and low in the matrix. Point analysis was taken into the same area. The Cr
concentration in the inner scale and 10Z was higher than in the matrix. Nb was not
detected in the matrix by point analysis. In addition, coarse intermetallic contained around
6.5 at.% of Cr and more than 61 at.% of Fe.

Figures 3.9 and 3.10 show the element mapping of Fe-9Cr and Fe-9Cr-2Nb samples after
the oxidation test for 84.6 ks. Similar to the contrast in BE images, two phases on both
outer and inner parts could be distinguished by the different colors (mostly the oxygen).
Considering the XRD results, the outer scale consisted of FeO in the region close to the
substrate and magnetite on the outer side. Further, the Fe-9Cr-2Nb alloy presented a
higher ratio of Fe3O4 on the outer scale than the Fe-9Cr alloy.
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Figure 3.7 Cross-sectional images of all samples after oxidation test up to 345.6 ks.
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(a) Inner scale

Figure 3.8 High magnification of cross-sectional images of all samples after

oxidation test up to 345.6 ks.
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Figure 3.9 Element mapping of the Fe-9Cr alloy oxidized for 86.4 ks.
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Figure 3.10 Element mapping of the Fe-9Cr-2Nb alloy oxidized for 86.4 ks.
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3.3.6 Thickness of the oxide scale

The scale thickness trend was measured from BE images from 10 points. In this research,

the inner part of the scale is divided into the inner scale and internal oxidation zone (102).

The inner scale is defined as 10Z with the oxidized matrix, while the 10Z is defined as

the zone consisting of oxide particles within the metal bulk. Figure 3.11 shows the trend

of the inner part and total scale thickness versus oxidation time. Similar to the trend of

mass change data, the growth of scale decreased by the oxidation time. Fe-9Cr-2Nb alloy

showed a thinner oxide scale, both inner part and total oxide, which suggested that the
addition of Nb was useful to suppress the growth of the inner scale.
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Figure 3.11 Thickness of the oxide scale after the oxidation at 923 K.

105



Figure 3.12 compares the thickness from each layer formed on the duplex scale of Fe-9Cr
and Fe-9Cr-2Nb alloys. It was found that the thickness of magnetite grew earlier in the
Fe-9Cr-2Nb alloy, which was also confirmed by XRD analysis. Compared to the Fe-9Cr
alloy, the Fe-9Cr-2Nb alloy exhibits a thicker magnetite layer, and a thinner wistite layer
was found thinner than the Fe-9Cr alloy. Further, the growth of the wistite and magnetite
in the Fe-9Cr-2Nb alloy decreased in a longer oxidation time. In addition, the growth of

the inner scale decreased after 21.6 ks, and the thickness of 10Z was almost the same for
both alloys.
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Figure 3.12 Thickness of each scale layer of Fe-9Cr and Fe-9Cr-2Nb alloy as a function

of oxidation time.
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3.4 Discussion
3.4.1 Development of the oxide scale on the Fe-9Cr and Nb-added Fe-9Cr alloys

Oxidation behavior of Fe-9Cr alloys in the same condition is reported in chapter 2. No
significant difference in the oxide structure was found in both Fe-9Cr and Fe-9Cr-2Nb
alloys, indicating the scale mechanism formation was similar. However, as shown in
figures 3.7 and 3.8, the Fe-9Cr-2Nb alloy performed thinner and more compact inner part
(inner scale and 10Z). Based on the phase diagram (Fig. 3.1), this study assumes that Nb
in the matrix was neglected, and all Nb only formed intermetallic compounds. Therefore,
the accumulation of Nb in the matrix of 10Z is unpreferable. In addition, intermetallic
compounds containing Cr were observed in the matrix as fine Fe;Nb and coarse
intermetallic particles. Therefore, the scale formation mechanism in Fe-9Cr-2Nb alloy is
proposed considering the Fe-Cr binary system with Cr dissolved in the intermetallic
phases. Figure 3.13 shows the proposed mechanism for scale development on Nb added
Fe-9Cr alloy. In addition, the proposed mechanism for scale formation on the Fe-9Cr
alloy from chapter 2 is presented in Fig. 3.13(a) to help differentiate the proposed
mechanism for duplex scale formation on the Fe-9Cr-2Nb alloy.
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(a) Fe-9Cr alloys

KO, Alloy 10Z Outer scale Alloy 10Z Inner Outer scale
A FeO Fe304 scale FeO Fe3O4
Fe/FeO/FeCr,0,
(=Fe/Fe0)
Fe/FeO/FeCr,0,
Q/CQOg
vt
t Fe-Cr spinel
Cr,0, Recession of the interface
(b) Fe-9Cr-2Nb alloys
1O, Alloy 10Z Outer scale Alloy 10Z Inner Outer scale
A FeO Fe3O4 scale FeO Fe304
Fe/FeO/FeCr,0,
(=Fe/Fe0)
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Figure 3.13 Proposed mechanisms for scale formation on the (a) Fe-9Cr alloy
and (b) Fe-9Cr-2Nb alloys.
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The dissociation oxygen partial pressure of FeO, FeCr.04 %1 Cr,03 4, and Nb-
containing oxide [*° is presented in table 3.3. From the data, the formation of Cr,O3 is
more stable than NbO2 and NbO2.44 (Nb20s). However, considering the activity of Cr in
the alloy, the value of dissociation oxygen partial pressure of Cr/Cr.Oz3 becomes higher
than the presented value. Besides, Nb is negligibly small in the matrix. Therefore, in the
early stages of oxidation, it is easier for Cr in the matrix to oxidize internally into Cr203
and develops 10Z. At the same time, Fe diffused outward to develop an outer scale. By
the inward diffusion of oxygen, the old Cr.Os will react with the matrix of Fe to form

FeCr20s, and deeper penetration of O nucleate new Cr,0a.

Table 3.3 Estimated dissociation oxygen partial pressure at 923 K from references [*3-151,

Oxides Reaction PO: (Pa)
FeO Fe+> 0; — FeO 7.15x 10

NbO2.44 NbO; + 0.211 02 — NbO2.44 1.29 x 102

FeCr,04 2Fe + 2Cr,03+ 0, — 2FeCr,0s 5.49 x 10"
NbO, NbO + =0z — NbO: 6.46 x 102
Cr203 2Cr + g 0, — Cry03 4.17 X 102
NbO Nb+ = O; — NbO 1.29x 103

Figure 3.14 shows the oxygen potential — mole fraction diagram of the Fe-Nb-O system
(18] The oxidation products in this system are internal oxidation of niobium oxide, double
oxide FeNb2Os (d.o), a(Fe), and intermetallic compounds: § (25 at.% Nb) and y (50 at.%

Nb) (81, During the oxidation reaction in the Fe-Nb system, the o (Fe) phase transformed
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the fine Laves phase, which was precipitated in the matrix of 10Z, into a fine mixture of
niobium oxide and iron. It explained the reason for the disappearance of the fine Laves
phase in the inner scale and the IOZ. In the system of Fe-Cr-Nb, it is necessary to consider

Cr in the Laves phase.
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Figure 3.14 Map of oxygen potential - mole fraction diagram of the
Fe-Nb-O system at 873-1073 K [1¢],

The 10Z grows deeper, and the matrix of 10Z will be equilibrated with Cr.03 particles
and the oxidation products of Laves phase. It is reported that the Ni-Fe-Cr alloy, Nb can
be oxidized together with Cr,O3 particles to form CrNbOa particles in the 10z 17,
Considering this reaction, the 10Z will consist of Fe matrix, Cr.03, NbOx, or CrNbO4
(estimated product from oxidation reaction of laves phase containing Cr), and the coarse
intermetallic particles which were not fully oxidized. Further oxidation reaction will
oxidize the matrix of 10Z to form an inner scale that consists of FeO, CrNbO4, and the

coarse intermetallic particle.
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Figure 3.15 showed the elemental mapping from the inner scale of Fe-9Cr-2Nb. The
surface of the oxidized coarse intermetallic compound is rich in Cr, followed by Nb in
the inner part of the particle. The main constituent of Laves phase is Fe, Cr, and Nb.
Therefore, the Laves phase may act as a Cr reservoir. The fine and distributed Laves phase
may contribute to finer and compact inner scales and 10Z. The enrichment of Cr in the
inner scale indicated that the precipitation density of spinel increased by the presence of
Laves phase. In addition, the density of CrNbOg is reported to be two times larger than
CrNbO, 7). This volume fraction of CrNbO4 is increased by adding more Nb into the
alloy. Further, the CrNbO4 and Cr-rich oxide particles in the inner scale and 10Z may

suppress the outward diffusion of the Fe atoms.
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Figure3.15 Element mapping of the Fe-9Cr-2Nb alloy oxidized for172.8 ks.

Although the Fe-9Cr-2Nb alloy performs better Cr distribution in the inner scale and 10Z,
the protective layer has not been established on this alloy. Therefore, the oxygen still
penetrates into the metal, and partial pressure beneath the inner scale becomes sufficiently
high to oxidize the alloy internally. As compensation for the inward diffusion of oxygen,
the outward diffusion of metal atoms in equal amounts is needed. However, since the

inner scale is good enough to retard the iron diffusivity, the less supply of Fe develops a
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thinner outer scale. The oxygen partial pressure at the outer/inner scale interface increases
to transform wistite in the outer scale into magnetite, which is more stable in higher
oxygen partial pressure. According to this explanation, the earlier formation of magnetite,
as well as the smaller ratio of wistite to magnetite on the Fe-9Cr-2Nb alloy, could be
explained.

3.4.2 Effect of initial microstructure on the scale development

The removal of Nb in the matrix is reported in the alloy that precipitated Laves
intermetallic phase during aging ["). Consequently, instead of forming NbOx, the Cr,03
formation in the matrix is preferable. According to the Fe-9Cr-Nb phase diagram (Fig.
1.7), all Nb in the system of Fe-9Cr-2Nb alloy is supposed to be dissolved in the matrix
of BCC during the solution treatment. Then precipitate FeoNb Laves phase during the
aging. However, the coarse intermetallic compound was observed in the matrix together
with the fine FeoNb Laves phase. From the elemental mapping, this particle contains Fe,
Cr, and Nb, so the volume fraction of Laves phase found in the alloy becomes less than
the estimated from the phase diagram of the Fe-9Cr-2Nb system. This phenomenon might
be because the solution treatment time was not long enough to allow all metals to dissolve
into the BCC matrix.

Figure 3.16 shows a high magnification of the Fe-9Cr-2Nb sample oxidized for 345.6 ks.
It could be seen that the grain boundary acts as an effective diffusion path for the inward
diffusion of oxygen. This oxygen may penetrate into the intermetallic compound along
grain boundaries and react with the Cr in the intermetallic compound. Therefore, the
surface of coarse intermetallic compounds started to oxidize. However, this phenomenon
did not induce internal oxidation formation beneath the oxidized intermetallic compound,
as Huang et al. 8 reported. In this case, the coarse intermetallic compound also acts as a
Cr reservoir that consumes some oxygen along the grain boundaries. While the fine and
well-distributed Laves phase gave better Cr enrichment in the inner scale and 10Z in the
same manner as coarse intermetallic compounds. In addition, a narrow depletion zone
was found beneath the 10Z. In this area, the volume fraction of the fine Laves phase was

found to be less than in the matrix. The possibility is the development of 10Z consumes
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Cr in the matrix and intermetallic phase, which changes the solubility limit of Nb in the
matrix. It results in the Nb becoming depleted below the 10Z.

In the Fe-Cr-Nb system, the FeoNb Laves phase can act as a Cr reservoir and contribute
to the formation of higher density of IOZ and inner scale by forming CrNbQOa4. This effect
is very different from the Laves phase in the Fe-Cr-W system that can develop the phases
that have slightly lower oxygen partial pressure of IOZ than the Fe/FeO, which suppresses

the formation of the inner scale.
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Depletion Zone
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Figure 3.16 BE images of the oxide scale from the cross-sectional of the Fe-9Cr-2Nb

sample after the oxidation test for 345.6 ks.
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3.4.3 Comparison of Fe-Cr-Nb and Fe-Cr-W systems

The oxidation behavior observed on Fe-Cr-Nb alloy is different from the Fe-Cr-W
system. First, the accumulation of W in 10Z during the development of 10Z is possible
in the system of Fe-Cr-W, but in the system of Fe-Cr-Nb, all Nb is suggested to form
precipitates. Although there was an accumulation of Nb, the formation of FeO is
preferable, and the FeO has no connection to the intermetallic FeoNb based on Fig. 3.14.
The phase diagram of the systems is presented to help understand the correlation between
the phases of the Fe-Nb-O and Fe-W-O systems. Figure 3.17 [**I shows the phase diagram
of the Fe-Nb-O system at 1473 K. In comparison, the phase diagram of the Fe-W-O
system at 1200-1300 K is presented in figure 2.35. According to the explanation of the
scale formation mechanism on Fe-Cr-W in chapter 2, the formation of
Fe(W)/Fe:W/FeWQ, effectively keeps the oxygen partial pressure in the 10Z in the
low PO> to suppress the formation of FeO. This equilibrium can be obtained because
there is an area where the Fe, FeoW, and FeWQ; exist in a triangle. In addition, the
accumulation of W can help the formation of Fe;W and FeWOQg4 in the matrix Fe. In this
system, Fe,W was not oxidized but continuously formed. On the other hand, in figure
3.17, the matrix Fe is directly connected to the FeO and Fe-Nb complex oxide. In
particular, the presence of FeaNb was not reported. The missing connection between the
matrix, substrate, and oxide was also observed in Fig. 3.14. The Laves phase will be
oxidized to form Fe and Nb2Os. Furter oxidation of these phases forms Fe and FeNb2Oe
(d.o), then Fe will be oxidized to form FeO. Therefore, the strategy to employ the phase
relationship between matrix, oxide, and intermetallic compounds found in the Fe-Cr-W

system is not applicable in the Fe-Cr-Nb system.
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Figure 3.17 Phase diagram of Fe-Nb-O system at 1473 K 41,

116



3.5 Conclusion

The effect of Nb on the steam oxidation behavior of Fe-9Cr alloy at 923 K was
investigated. Adding Nb into Fe-9Cr alloy improves the oxidation resistance of the alloy.
The results show that the Fe-9Cr-2Nb alloy has a slower oxidation rate than the Fe-9Cr
alloys. A duplex scale with a thinner and more compact inner scale was observed. The
fine Laves phase acted as a Cr reservoir and contributed to the formation higher density
of 10Z and inner scale by oxidizing Laves phase to provide a better Cr enrichment in the
inner scale, which retarded the outward diffusion of Fe ion through the inner scale. As
the grain boundaries act as an effective diffusion path, the precipitation of Laves phase
along the grain boundaries consumes the inward oxygen. The oxidation behavior of Fe-
Cr-Nb system is very different from the Laves phase in the Fe-Cr-W system, which can
develop the phases with a lower oxygen partial pressure of 10Z s than the Fe/ FeO
equilibrium. This phenomenon suppresses the formation of the inner scale. In this system,
there was no useful phase relationship between the substrate, IMCs, and oxide scale that

was similar to the phases relation in the Fe-Cr-W system.
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Chapter 4 The Effect of Tungsten and Niobium on
the Cr Diffusivity in the Fe-9Cr Alloys with the
Alloying Element

4.1 Introduction

In the previous chapter, the effect of W and Nb addition on the oxidation behavior of Fe-
9Cr alloys has been clarified. Cr enrichment was found at the inner scale on both Nb
added 9Cr alloys or low W added alloys. However, Cr203 layer was not formed on all
alloys. This chapter investigates the other effect of alloying elements, particularly W and
NDb, on Cr diffusivity in the alloy. It was found that the oxidation properties were different
in the Fe-9Cr alloy with and without precipitates. Therefore, it is important to understand
the microstructural effect which is caused by the addition of the alloying elements on the
Cr diffusivity. In this chapter, the temperature was raised to 1073 K to accelerate the
diffusivity rate of Cr without changing the phase of the ferrite matrix. In addition, the
experiment was conducted in a dry atmosphere. Hanafi et al. [l reported that the
interdiffusion of Cr in the dry and humid atmosphere was close and scattered from 6 x
10® to 10 x 10 m?s?, which indicated the effect of hydrogen on Cr diffusivity is
negligible. Although there are studies reporting the Cr diffusivity in Fe-based alloy, there
is limited study on ternary Fe-Cr-W and Fe-Cr-NDb alloys at a lower temperature.

119



4.2 Experimental

4.2.1 Sample preparation

By considering the phase relation, diffusion path couples of Fe-Cr-W and Fe-Cr-Nb
systems investigated in this chapter are plotted in figure 4.1. The couple with Fe/Fe-Cr
system will be used as a data reference for the interdiffusion coefficient of Cr in the Fe
matrix (DES,). To estimate the DES,. with the presence of alloying element, the same
strategy to separate the effect of solid solution and precipitation was employed in this
chapter. The DEE.. in supersaturated Fe will be estimated from the couple of Fe-3W/Fe-
9Cr-3W. The couple Fe-6W/Fe-9Cr-6W will represent the effect of W as solute element
and precipitate. In addition, only the effect of precipitation was investigated only in the
Fe-Cr-Nb system due to the low solubility limit of Nb in the matrix Fe, which will be
represented by couple Fe-2Nb/Fe-9Cr.

The plate of Fe used on Fe- Fe-9Cr couple was prepared from a Fe plate (purity 99.99%).
The plate was cut into 10 x 10 x 1 mm? sizes without following further heat treatment.
The ingot of Fe-9Cr, Fe-2Nb, Fe-3W, Fe-6W, Fe-9Cr-2Nb, Fe-9Cr-3W, and Fe-9Cr-6W
alloys are made from Fe (purity 99.99%), Cr (99.999+%), Nb (99.9%) and W (99.95%)
using arc melting methods. The ingots were homogenized at a certain condition. Table
4.1 shows the semiquantitative chemical composition obtained by X-Ray Fluorescence
spectrometry (XRF).

The ingots were then cut into a 1.5 mm thickness coupon followed by cold rolling with a
30% rolling rate. The coupon samples were recrystallized, then aged to allow the
precipitation of Laves phase. All heat treatments (homogenization, recrystallization, and
aging) were conducted in a vacuum ampule at the temperature and time listed in table 4.2.
Before being assembled into a couple, the sample was grounded with abrasive papers
(#600 ~ #5000) and polished with a series of diamond pastes (9 um ~ 0.25 um) until the
mirror was finished., then was cleaned with ethanol using an ultrasonic cleaner for 0.6 ks.

The assembled diffusion couples are listed in table 4.3.
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Figure 4.1 Schematic diffusion paths in diffusion couple Fe-Cr-W and Fe-Cr-Nb
systems.
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Table 4.1 Chemical composition of the alloys (mass%).

Fe Cr Nb w
Fe-9Cr Bal. 9.05 - -
Fe-2Nb Bal. - 1.37 -
Fe-9Cr-2Nb Bal. 9.01 1.27 -
Fe-3W Bal. - - 3.07
Fe-9Cr-3W Bal. 9.1 - 2.98
Fe-6W Bal. - - 6.11
Fe-9Cr-6W Bal. 9.16 - 6.14

Table 4.2 Heat treatment conditions of the alloys.

Heat Solution Treatment | Recrystallization | Aging Treatment
Treatment T/IK [ tiks | T/IK | t/iks | T/K | t/ks
Fe-9Cr 1273 86.4 1273 0.6 - -
Fe-2Nb

1573 1573
Fe-9Cr-2Nb
Fe-3W 43.2

1623 1623 0.6 923 864
Fe-9Cr-3W
Fe-6W

1623 1623
Fe-9Cr-6W
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Table 4.3 Diffusion couple and experiment conditions.

Couple Alloys Temperature Time
A 691.2 ks
Fe / Fe-9Cr
B 1382.4 ks
C 691.2 ks
Fe-3W / Fe-9Cr-3W
D 1382.4 ks
E 691.2 ks
Fe-6W /Fe-9Cr-6W 1073 K
F 1382.4 ks
G 691.2 ks
Fe / Fe-9Cr-3W
H 1382.4 ks
I 691.2 ks
Fe-9Cr / Fe-2Nb
J 1382.4 ks

4.2.2 Experimental

Figure 4.2 shows the schematic illustration of the experimental setup for the interdiffusion
experiment. Two alloys were attached, supported by an alumina plate, Kanthal A-1 plate,
and spring washers fastened. The diffusion couple was put inside the ceramic tube,
hanging close to the R-type thermocouple. A zirconium sponge was inserted at the bottom
of the tube to reduce the oxygen partial pressure inside the ceramic tube. Then the tube
was evacuated with a vacuum pump for 0.9 ks, and the valve was closed. Another R-type
thermocouple was attached to the outside of the ceramic tube, located below the sample,
to ensure the sample would be in the soaking area. The tube was then inserted into the
furnace, and then the temperature rose to 1073 K with heating rates of about 5 K/min.
The diffusion annealing was conducted for 691.2 ks and 1382.4 ks and cooled down
inside the furnace. After the test, the sample was mounted and cut in half. The cross-
section area is then observed by a Field Emission Scanning Electron Microscope (FE-
SEM) equipped with an Energy Dispersive Spectroscopy (EDS). The concentration of Fe,
Cr, W, and Nb was quantitatively determined by point analysis from 41 points within a

200 pm line.
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Figure 4.2 Experimental apparatus.
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4.3 Results

4.3.1 Microstructure of the alloys before interdiffusion experiments

Figure 4.3 shows the XRD pattern of the alloys before the interdiffusion annealing
experiments. The matrix of all alloys was confirmed as a-Fe (ferrite). Figure 4.4 presents
the BE images of the microstructural from samples observed by FE-SEM. Etching was
conducted using a mixture of HNO3, HCI, and ethanol for a certain time to observe the
grain of the Fe-9Cr alloy. The intermetallic phase precipitation was observed to be
precipitated in the matrix of ternary alloys as white particles.
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Figure 4.3 XRD pattern from all alloys before annealing.
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Figure 4.4 BE images of the surface morphology of all sample before the test.
(a) Fe-9Cr, (b) Fe-2Nb, (c) Fe-3W (d) Fe-9Cr-3W, (e) Fe-6W, (f) Fe-9Cr-6W alloys.
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4.3.2 Cross-section of diffusion couple and diffusion profile

The concentration profile was taken in the bonded region of couples. Figure 4.5 shows
the cross-section area where the profile was taken on diffusion couples A and B. Both Fe
and Fe-9Cr alloy showed non-porous with no visible interface but only the trace of the
initial, which appear as pores. On both diffusion couples A and B, no Kirkendall porosity
was observed. The graph shows the plot of Cr concentration against the distance on both
diffusion couples A and B are presented in figure 4.6. Both curves show similar shapes
with the Cr diffusion observed within 100 um from the bonded area.

Figure 4.5 SE images of the cross-sectional morphology of (a) diffusion couple A and

(b) diffusion couple B after annealing at 1073 K.
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Figure 4.6 Cr concentration profile against distance for diffusion couple A and B after

annealing at 1073 K.

Figure 4.7 shows the SE images of the cross-section area where the profile was taken on
the Fe-3W/Fe-9Cr-3W couples. Precipitates were found only in some parts along the
grain boundaries on both alloys, which suggested most of W is solute in the matrix of Fe
on both alloys. It was observed that only samples annealed for a longer time were bonded,
while the sample annealed for a shorter time showed a gap of about 1 um, and only a
small portion of the couple attached but showed a crack in the area of Fe-3W alloy. The
line analysis was taken at the interface.

Figure 4.8 shows the concentration profile of Cr against the distance from the interface
for diffusion couples C and D. The shape of the Cr profile was steep in the crack area of
the sample anneal for 691.2 ks (couple C). The sample anneal for a longer time (couple
D) shows a profile similar to the diffusion couple A and B. Figure 4.9 shows the
concentration profile of W for diffusion couples C and D. In the case of diffusion couple
C, the W profile showed depletion in the crack area. While in the diffusion couple D, the

W concentration was stable at about 2.5-3 wt.% on both alloy’s sides.
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Fe-9Cr-3W Fe-9Cr-3W

Figure 4.7 SE images of the cross-sectional morphology of (a) diffusion couple C and
(b) diffusion couple D after annealing at 1073 K.
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Figure 4.8 Cr concentration profile against distance for diffusion couples C and D after
annealing at 1073 K.
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Figure 4.9 W concentration profile against distance for diffusion couples C and D after

annealing at 1073 K.

Figure 4.10 shows the SE images of the cross-section area where the profile was taken on
the Fe-6W/Fe-9Cr-6W diffusion couples. Precipitates were found along the grain
boundaries of both alloys and in the grain interior of Fe-9Cr-6W alloy. The diffusion
couples annealed for a shorter time (diffusion couple E) were not bonded with a gap of
about 1 um. Voids were observed near the interface of the alloys in the Fe-6W alloy’s
side on both diffusion couples E and F, which was suggested as a Kirkendall effect. This
effect was observed clearly in the diffusion couple F. In addition, new precipitation of
intermetallic particles was found along the interface of the alloys after annealing for
1382.4 ks.

Figure 4.11 presents the concentration profile of Cr against distance for diffusion couples
E and F. Figure 4.12 shows the concentration profile of W against the distance from the
interface for diffusion couples. The unbonded diffusion couples (diffusion couple E)
showed a steep profile, similar to the diffusion couple C. Slight change in Cr
concentration at the bonded interface showed initial concentration profiling, indicating
the alloys at the interface touched at a high temperature. The S curve was observed in the

Cr profile of diffusion couple F. In general, the W concentration was higher than 3.5
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mass% on the side of Fe-6W, then decreased to be stable at 3 mass% with some points
showing higher W concentration at the point analysis met the precipitates. Moreover, new
precipitates were found at the bound interface. At this point, the W concentration

increased to above 16 mass%.

Figure 4.10 SE images of the cross-sectional morphology of diffusion couple (a) E and

(b) diffusion couple F after annealing at 1073 K.
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Figure 4.11 Cr concentration profile against distance for diffusion couples E and F after

annealing at 1073 K.
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Figure 4.12 W concentration profile against distance for diffusion couples E and F after

annealing at 1073 K.

Figure 4.13 shows the SE images of the cross-section area where the profile was taken on

the Fe/Fe-9Cr-3W diffusion couples. Precipitates were found only in some parts along

the grain boundaries of the Fe-9Cr-3W alloy, which suggested W is solute in the matrix

of Fe on the ternary alloy. The diffusion couple H showed a gap between the metals. Point
analysis found that the gap is filled by a metal that mainly consists of Fe. Figure 4.14
shows the concentration profile of Cr against distance, while Figure 4.15 shows the
concentration profile of W. Both curves for Cr and W profiles showed S shapes with

almost the same penetration range.
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Figure 4.13 SE images of the cross-sectional morphology of diffusion couple (a) G and
(b) diffusion couple H after annealing at 1073 K.
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Figure 4.14 Cr concentration profile against distance for diffusion couples G and H after
annealing at 1073 K.
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Figure 4.15 W concentration profile against distance for diffusion couples G and H after

annealing at 1073 K.

Figure 4.16 shows the SE images of the cross-section area where the profile was taken on
the Fe-9Cr/Fe-2Nb alloys. Similar to diffusion couple C and E, the shorter annealing time
sample showed a gap between the alloys. For the couple I, both alloys were bonded in
some parts. White particles appear in the Fe-9Cr alloy, suggesting the diffused Nb
precipitates intermetallic compounds in the Fe-9Cr alloy. Figure 4.17 presents the
comparison of the concentration profile of Cr against the distance from the interface for
diffusion couples I and J after annealing at 1073 K. The diffusion couple | showed steep
data for Cr concentration. Suggesting that Nb diffused into Fe-9Cr alloy and reacted with

the matrix alloy to form precipitates during annealing.

Figure 4.18 shows the concentration profile of Nb against distance for diffusion couples
I and J. The Nb concentration was scattered due to precipitation on both alloys. The Nb
was found to be 0 in some parts of the Fe-2Nb alloy, which suggested most of the Nb was
in the precipitates. On the other hand, the Nb was found high enough in the Fe-9Cr alloy.
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Figure 4.16 SE images of the cross-sectional morphology of diffusion couple I and J

after annealing at 1073 K.
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Figure 4.17 Cr concentration profile against distance for diffusion couples | and J after
annealing at 1073 K.
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4.4 Analysis technique
4.4.1 Analysis technique to determine the interdiffusion coefficient on binary

alloys

A semi-infinite one-dimensional diffusion of solid is considered to calculate the
diffusivity in the diffusion couple. For binary alloy, it is considered as one end of alloy
with uniform i concentration of C, is contacted with one end of semi-infinite another alloy
with i concentration at oo is 0 221, In case of that, the data analysis for the diffusion of i

solute atoms in matrix j can be described following Fick’s second law:

aC; 0 aC;
1t _ 2 __t 4.1
ot 0x {D (6x )} 1)
or for constant D,
ac; . ,0%C;
- = PG3) (4.2)

Where c is concentration, tis time, x is the coordinate, and D is the interdiffusion
coefficient as a function of i element concentration. Equations (4.1) or (4.2) can be solved
by considering the same method for solving the one-dimensional heat flow in the situation

on one end of a semi-infinite rod.

The rod temperature was uniformly in T; and instantaneously increased to a higher

temperature of To. The heat flow in the rod by conduction is given as:

arT 92T .
= % Ga W

Where T is temperature and o« is thermal diffusivity. A new variable 1 is introduced to

help solve the Eq.(i):

n= = (i)

on _ x

% - o (i)
on _ 1 .
ox 2/t (iv)
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Substitute the Eq. (iii) and (iv) into Eq. (1):

ar x dT
dt — g/at3 dn V)
d?T x d’T .
—_—= — — (vi)
x? 4at dn?
dr Vat 9%T ..
R = — T 3_T]2 (Vll)
Introduce new variable:
_dT
y = an (viii)
Then, rewrite Eq. (ii) to be:
1 dy i
=———= iX
e (ix)
1
—2ndn = ——dy ()
y
Integration the equation:
—1n? =Iny + constant (xi)
Set the constant to -In A, the y can be written as:
Y exp(—n°) (xii)

Second integration the equation in the range limit of Tias n isc (t =0, any x) and T, at

n is0 (x =0, t > 0), the equation be:
de: Afe‘“z dn (xiii)

oo

T,—T,=A f e " dn (xiv)
0
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Because foooe‘“2 dn = \/; the A is:
A= (1 -1, (xv)

Set another limit for Eq. (xiii) limit of Tat n and T = T; are o the equation becomes:

2 n_z
T_Tiz_(Ti_To)f e™ dn

v (xvi)
2 o _
=- =T =T [ e™ dn
Considering the error function complement, the Eq.(xvi) can be written as:
TT 7;‘ =erfc(m) = erfc( ) (xvii)
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In the case of mass transport by diffusion in solid state, the variable in Eq.(iii) should be

modified into:
_ X
= 205t (4.3)

Using the same manner to convert this variable to the ordinary differential equation

dc 1 9%c
@™ Tm o (44)

To calculate the variable D from the Eqg. (1) or (2), the boundary conditions is set to as

shown in Fig. 4.19.

c _{Cis atx = Oandt > 0
Ele? att = 0Oandx > 0

I
I
I Matano Plane
|
I
I

Figure 4.19 Schematic diffusion of i in the x direction.

Where, C; and C;? are the concentration of i element in terminal. For binary Fe/Fe-Cr
couples, it is considered as one end of alloy with uniform Cr content CZ. is contacted
with one end of semi-infinite of pure iron 2%1. The equation (4.1) and (4.2), can be solved
by considering the same method for solving the one-dimensional heat flow by

consideration:
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€ =G _ 4 G - _
coer = cioco erf (1) (4.5)
By substituting the n value into the equation:
c; —C} _ x
e —erf(z\/m) (4.6)

In a diffusion couple of semi-infinite, the interdiffusion coefficient is constant D,

therefore, the solute concentration of i at position x after annealing time t is:

cS+cP cS—c? —Xo
¢ (6 =2t + Sl erf (522) (4.7)

Where the X, is the coordinate of terminal. To ease the calculation, define q (x, t) as )

X—xo _ 2¢i(x, )-C7-C) | _
T erfc {—C?—Cf } =q (x,t) (4.8)

The D can be estimated by determining the slope of g value plotted to x - Xo, which is

defined as a function of concentration. This type of plot is called probability plot.

The most common method used in metallurgical diffusion study to estimate the D is
Boltzmann-Matano. This method considered diffusion coefficient might vary along with
the position, which is applied to the curve concentration profile. To adopt this method to
the Fick’s law, it is assumed that the diffusivity will be independent to x in a range of q
[l In this work the range of -1 < g < 1 is set by the consideration that this range will
covers around 70% of concentration windows and crosses the bonded interface and the
Matano plane which will be explained later. This range is reported to cover 80% of the
concentration windows [, In that case, the Fick’s second law (equation (4.1)) can be
transformed into an ordinary differential equation for the system of Cr solute in the Fe,

written as:

rdc _ d

~te d
~a = m DG (49)

Where A is Boltzmann parameter, defined as:

X — Xm

r= I (4.10)
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And xm is the position of Matano plane, which at this position S; = Sy, and follow:
Je Ccr(x Xm)dCer=0 (4.11)

Therefore, the equation (4.9) can be solved to be

Cer - dcC,
[ o= e = ~2eD8 150, (412
Cr x

~F *— 1 dx CC[‘

Der'= o (dCCr)CE Jeg, (x = xm)dCer (4.13)

Asshown in Fig. 4.1, the cg. and c¢, are the concentration of Cr in the end of the infinite
diffusion couple and the concentration at the Boltzmann plane. As Boltzmann Matano
methods include the time parameter, therefore, the plotted concentration profile against
the Boltzmann parameter should be identical for different annealing times, in this case,

binary couple of A and B.

In addition, by the set range of -1 < q < 1the D¢ from the slope of probability plot of g
(Eq. 4.8) is suggested to be same as Eq. 4.13. In that case the method to employ the

probability plot is used to simply the calculation.

4.4.2 Analysis technique to determine the interdiffusion coefficient on ternary
alloy

In the case of the couple with ternary alloys, the diffusion of each component will be
affected by the interaction of the component themselves and other components. Therefore,
For the Fe-Cr-A (A =W, NDb) system, the Eq. 4.1 can be modified to be:

% = aa_x {EgreCr (aacir)} + { CrA(aCA } (4.14)
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aaLtA = ox { (aCA } + aa_x {EACr aacir)} (4.15)

Where DES.. ,DES . are the major interdiffusion coefficient for the element, which
indicate the influence of their own concentration gradient on their own fluxes. While
Dfe.,DEe, are the minor interdiffusion coefficients for the elements, which the
concentration gradient influenced other element’s flux; for example, DS, is the

influence of the concentration gradient of Cr on the flux of A.

Some constraints are supposed to be considered in validating the interdiffusion coefficient
of the ternary system as written in the equation (4.14) and equation (4.15). Kirkaldy
suggested that the stability of solid solution [*SI:

Déscr +Dxs >0 (4.16)
(Défer - Dis — Désa - Digr)> 0 (4.17)
(Dérer + Dra)?>4 (D - Dag — Désa - Digr) (4.18)

In addition, there are interdependence of diffusion coefficients:

Défer>0 (4.19)

Bre >0 (4.20)

Défa - Dagr>0 (4.21)

(Dérer -Dai — Déra - Dagr) >0 (4.22)

In this work, the effect of alloying elements, particularly W and Nb, as solute elements
and precipitate on the Cr diffusivity in the Fe matrix will be separated. The ternary phase
diagram of Fe-Cr-W and Fe-Cr-Nb systems are presented in figures 2.1 and 3.1,
respectively. The interdiffusion annealing was conducted at 1073 K to accelerate the
diffusivity in the matrix a-Fe of the Fe-Cr-W system. By considering the phase relation,
diffusion path couples of Fe-Cr-W and Fe-Cr-Nb systems investigated in this chapter are
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plotted in figure 4.1. In the present work, all diffusion paths did not form any cross-section.
It makes the four interdiffusion coefficients in the equations (4.14) - (4.15) cannot be
obtained. Therefore, this work only will determine the DS, by using some

assumptions:

(1) The diffusion couples Fe-3W/Fe-9Cr-3W and Fe-6W/Fe-9Cr-6W will have a small
gradient concentration of W. Therefore, the interdiffusion of W in the matrix is
neglected by using the Fick’s first law.

(2) Although there is a concentration gradient of W in the diffusion couple Fe/Fe-9Cr-
3W, other interdiffusion coefficients cannot be determined. In case of that, the exact
value of DEE.. cannot be determined.

(3) Since the Nb has a narrow solubility limit in matrix Fe, all Nb is assumed to form
precipitates. Therefore, the Cr diffusivity in the Fe-Cr-Nb system can be determined

by neglecting the effect of Nb in the matrix.

Applying the suggestions into Eq. 4.15, the equation become:

~ aC
DEe G (4.23)

dCcr d {
ot ox

In addition, the Boltzmann Matano method can be applied the diffusion couples in ternary
system in the same manner as binary system. However, this method is not applicable to

the system of Fe/Fe-9Cr-3W as mentioned in assumption (2).
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4.5 Discussion

4.5.1 Estimation of interdiffusion coefficient of Fe-Cr binary system

Figure 4.20 shows the concentration profiles on both diffusion couple A and B with the
plotted Matano plane. The Matano plane was estimated to be located at 4.3 um and 9.1
um from the bonded interface in the Fe-9Cr alloy for diffusion couples A and B,
respectively. Mentioned that the lines were 200.1 and 200.1 pum in length across the alloys.
At this Matano plane, the concentration of Cr was 4.6 mass% and 4.7 mass%, respectively,
for diffusion couples A and B. Plots from the Boltzmann parameter (Eq. (4.9)) against
the Cr concentration obtained from two diffusion couples with different annealing times
were compared to confirm the Boltzmann-Matano method can be applied to the system.
Figure 4.21 shows diffusion couples in the Fe/Fe-9Cr system showed a profile of Cr
concentration against the Boltzmann parameter, which suggests that the Boltzmann-

Matano method is applied in this system.

Figure 4.22 shows the probability plot against distance for diffusion couples A and B.
The q value is scattered from the plot, especially at the edge of the windows. Since the
interdiffusion coefficient can be estimated from the slope of the probability plot, the
interdiffusion coefficient is calculated as  1/(2(DEEt)®5). The result is presented in table.
4.4,
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Figure 4.20 Concentration profile against distance and estimated Matano plane for

diffusion couples A and B after annealing at 1073 K.
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Figure 4.21 Concentration profile against Boltzmann parameter for diffusion couples A

and B after annealing at 1073 K.
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Figure 4.22 Probability against distance for diffusion couples A (left) and B (right) after
annealing at 1073 K.

Table 4.4 Average interdiffusion coefficient for all diffusion couples for Fe-Cr system.

Diffusion couple

DEe Im2st

A

4.8 x 101

B

3.8x10%°
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4.5.2 Estimation of interdiffusion coefficient of Fe-Cr-W ternary system

The data from diffusion couples C, E, and H cannot be used because the alloys were not
bonded during the interdiffusion annealing. In addition, mentioning that there are three
assumptions to estimate DES, stated in the analytical method part, the interdiffusion
coefficients of Cr in the diffusion couples D, F, and G will only consider the Cr
concentration profile. The first assumption is the flux of W in the diffusion couple D, and
F is predicted to be zero in this system from Fick’s first law. This assumption is confirmed
by low concentration profiles of W, as shown in figures 4.10 and 4.14. Therefore, the
Matano method is applied in those couples by only considering the Cr diffusivity, and the
Matano parameter and Matano plane only use the data from Cr profiles. In addition,
because Matano methods included the parameter time, by neglecting the data from
diffusion couple C, the Matano plane was estimated by using the same manner as binary
alloy only for diffusion couple D. The Matano plane was estimated to be located at 2.8
um from the interface to the Fe-3W alloy direction. At this point, the Cr concentration is
calculated to be 4.6 mass.%. The Matano plane for Cr was estimated to be the couple F
by using the same method. For diffusion couple F, the Matano plane for Cr was located
at 0.9 um from the interface in the Fe-6W alloy. At this point, the Cr concentration was
calculated as 4.7 mass%. In the case of diffusion couple H, further interdiffusion
calculation was not conducted in this present work due to a lack of data. The concentration
profile plotted to the Matano plane for diffusion couples D and F are presented in Fig.
4.23.

The plot of Cr concentration against the Boltzmann parameter for diffusion couples D
and F are presented in figure 4.24. It could be seen that all diffusion couples showed a
similar profile and penetration length to each other’s, which indicates the Boltzmann-
Matano method from Cr element, the interdiffusion coefficients from the diffusion
couples have the same order. It can be seen that the diffusion couple consisting of
saturated alloy (Fe-3W/Fe-9Cr-3W) has a slightly higher Cr concentration (left side) than
the diffusion couple consisting of the alloy with a high-volume fraction of Laves phase
(Fe-6W/Fe-9Cr-6W). It indicates that Cr penetrated faster in the saturated alloy (Fe-
3W/Fe-9Cr-3W).
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diffusion couples D and F after annealing at 1073 K.
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Figure 4.25 shows the probability plot against distance for diffusion couples on the Fe-
Cr-W system. Similar to the binary system, the interdiffusion coefficient was estimated
from the slope of the probability plot by a straight line which was limited only to the
range of -1 < q < 1. The interdiffusion coefficient is calculated as 1/(2(DEe., £)°%). The

average value of the interdiffusion coefficient in the Fe-Cr-W system is listed in table 4.5

N
N

rDiffusion couple D rDiffusion couple F

erfc [(2c—c,—co)(c.—¢,)]
=

erfe [(2c—c,—cg)(c,—¢)]
=

q

-
q

L]

-2t -2t
-100 0 100 -100 0 100
Distance from interface, X/ um Distance from interface, X/ um

Figure 4.25 Probability against distance for diffusion couples D and after
annealing at 1073 K.

Table 4.5 Average interdiffusion coefficient for all diffusion couples

for Fe-Cr-W system.

Diffusion couple DEe.. Im2st
D 5.7 x 10716
F 4.3x 107
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4.5.3 Estimation of interdiffusion coefficient of Fe-Cr-Nb ternary system

In the system of Fe-Cr-Nb, the analysis was taken only on the diffusion couple J. The
DE&., was estimated by considering assumption (3), which was listed in the analytical
method in section 4.2.2. The low solubility limit of Nb in the matrix Fe made the Nb
preferred to form an intermetallic compound, making the Nb concentration in the matrix
very low. It results in the low concentration gradient of Nb in the matrix alloys, and some
scattered values came from precipitates on both Fe-2Nb and Fe-9Cr alloy’s sides.
Fig.4.19 confirmed the low concentration of Nb in the matrix, and Nb exists as a
precipitate in both Fe-2Nb and Fe-9Cr alloys (Fig. 4.17). The Matano parameter, Matano
plane, and interdiffusion coefficient were estimated only by using the Cr profile data. In
addition, because the Boltzmann parameter included the parameter time, the data from
diffusion couple I is not counted. Figure 4.26 shows the Cr concentration of diffusion
couple J plotted against the Matano plane. The Matano plane was estimated to be 2.7 um
from the bonded interface in the Fe-2Nb alloy part. At this point, the Cr concentration
was calculated to be 5 mass%. Figure 4.27 shows the comparison of Cr concentration
against the Boltzmann parameter for diffusion couple B and J after interdiffusion
annealing. The profile was similar in both couples indicating the Cr penetrated in almost

the same manner in both couples.
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Figure 4.28 shows the probability plot against distance from the bonded interface of
diffusion couple J. Using the same methods as other systems, DES.. was estimated
from the gradient of the probability plot by a straight line fit which was limited to the
range of -1 < q < 1. The DS is listed in Table 4.6. In this system, the other

interdiffusion coefficient cannot be estimated in this present work.

N

r Diffusion couple J

erfe [(2¢-¢,~c)(cycy)]
o
T

q

_2 L
-100 0
Distance from interface,

100
X/ 4tm
Figure 4.28 Probability against distance for diffusion couples J after

annealing at 1073 K.

Table 4.6 Average interdiffusion coefficient for all diffusion

couples for Fe-Cr-Nb system.

Diffusion couple

DEfe., Im2st

J

3.8x10%°
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45.4 Comparison of Cr diffusivity in the binary and ternary system

The comparison of the DEE.. for binary and ternary alloy can be explained from the
obtained data. Using the Boltzmann-Matano method, the calculated interdiffusion
coefficients from all systems are again summarized in table 4.7. Figure 4.29 shows the
interdiffusion coefficient of the Cr in the Fe matrix from the reference . The
interdiffusion value obtained from the diffusion couple A and B showed the same order
as the references 1351, The same order of DS, was also found in ternary systems.
The DS, was slightly higher in the Fe-Cr-W system than the Fe-Cr system, and lower
in the Fe-Cr-Nb system.

Table 4.7 Interdiffusion coefficient in the Fe-Cr, Fe-Cr-W, and Fe-Cr-Nb
system at 1073 K.

- DEe. (t
Diffusion Couple DEe, /mest | Do (ternary)
D¢y, (binary)
A 4.8 x 101
Fe/Fe-9Cr
B 3.8 x 1016 1
D Fe-3W / Fe-9Cr-3W 5.7 x 1016 1.52
F Fe-6W /Fe-9Cr-6W 43 x 1016 115
J Fe-9Cr / Fe-2Nb 3.8 x 1016 1
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Figure 4.29 Interdiffusion coefficient for Fe-Cr alloy in different temperature from
reference 1.

As the penetration of W was observed with the same as Cr penetration (Fig 4.16), the
diffusivities of the Cr and W are supposed to be in the same order. This assumption was
confirmed by the previous study 1. Figure 4.30 shows the interdiffusion coefficient for
Fe-W alloy at different temperatures from the reference 561, The D¢ was estimated to
be 2.48 x 10 m?s at 1073 K [, This value is in the same order as DEE.. obtained in
this work. In addition, the value of DEE.. in all diffusion couples in this study showed
a higher value than the D{%, from the reference ¢, which was also observed by

comparing figures 4.29 and 4.30.
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45.5 The effect of alloying elements and microstructure on the Cr diffusivity in

the ferrite matrix

The data confirmed that the presence of W as solute and precipitates increases the value
of DES.. in supersaturated Fe(W) for a factor of 1.52. In the case of Fe-2Nb/Fe-9Cr
diffusion couples, only the precipitation effect can be elucidated. The effect of
precipitation retarded the DES.. by a factor of 1. Table 4.8 shows the Arrhenius
parameters for self-diffusion of Fe and interdiffusion of solute atom in a-iron. The

relationship between activation energy and atomic radii in paramagnetic a-iron ©:

QP =252 +291 (W) kd/mol (4.24)

Where QF is the enthalpy for activation energy, rsoute iS the radius of the solute atom,
and rg. Iis the radii of the iron atom. Considering the size of the Fe atom is close to the
Cr atom, but Nb and W have larger atom radii, the activation energy for the diffusion of
W in is a-iron smaller than Cr. This relation is applied in both paramagnetic and

ferromagnetic phases 7. It explained that the DS, > Dqy in the present work.

Table 4.8 The pre-exponential factor, activation energy, and constant o data in a-Fe
from reference at 1173 K [6],

D 0" b 0"=0"(1+a)

Diffusant (m~/s) (kJ/mol) (kJ/mol) o (kJ/mol)
Fe 276710 x 1074 250,638 250.9+0.4  0.156+0.003 289.7+5.1
Co 2.76 % 1074 251 - 0.23 309

Ci 373 1074 267.1x£44  267.5£0.5  0.133£0.005 303.0£6.3
Nb 14407 % 107! 2997150 299.0£88  0.001 £0.007 3180184
Mo 1.48731 5 1072 282.6+6.4  283.1+0.6 0.074+0.005 303.5+7.5
W 1.5 30 % 102 287£22 280=£1 0.086 £0.010 312+27

The diffusivity in the ferrite matrix is mostly conducted by the movement of vacancy, the
presence of solute elements, and the vacancies in the surroundings of the solute atom [,
Then the presence of solute atom affects the exchange rates of atoms (solute and solvent)

in the matrix. The addition large solute atom induces higher vacancy concentrations
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around the solute atoms [, It was reported that, adding 1-2 mass% of W will create equal
vacancies to the addition of 9 mass% of Cr at temperature below 600 K 1. W was reported
do not have strong binding to self-interstitial Fe and Cr while it has stronger binding
energy with a vacancy [°l. The vacancy is easier to migrate from a W atom to another W
atom than in pure Fe . In addition, the diffusivity of Cr is reported can diffuse ~2-150
times faster than Fe by a vacancy mechanism and between 10-30 % by interstitial atom
(1% Therefore, by adding more large-size alloying elements, especially W, more
vacancies can be created in the Fe matrix, which results in the higher diffusion of Cr and

Fe in the Fe matrix.

The diffusion behavior in a multiphase ternary system becomes complicated if there are
phase differences. In that case, it employs discontinuously virtual paths B! In Fe/Fe-9Cr-
3W diffusion couples, the ternary was supersaturated with a very low volume fraction of
Laves phase along the grain boundary. Although the DEE.. increase by the presence of
W, further analysis is needed to confirm the ratio of D&, to the Cr diffusion in the

ternary system.

The ratio of DS, in ternary alloy was about the same with the presence of high-volume
fraction of Laves phase on diffusion couple F. This phenomenon was not the same as the
diffusion couple F. It suggested the presence of Laves phase is not affected the
interdiffusion of Cr, but the new precipitated Laves phase along the bonded interface
reduces the effective diffusion area or interface for the diffusion. Besides, it was reported
that precipitating disperse phases will reduce the vacancy concentration in the matrix [,
It explained that precipitating a high-volume fraction of Laves phase may reduce the
vacancy concentration created by additional W, which facilitates the Cr diffusion in the

matrix Fe.

The Kirkendall voids were observed near the bonded interface of diffusion couple F on
the Fe-6W alloy side. W concentration profile showed the decline in both Fe-6W and Fe-
9Cr-6W alloy’s parts from above 3.5 mass% in the matrix alloy to around 3 mass% near
the bonded interface before it reached the peak by forming an intermetallic phase along

the bonded interface. Those phenomena were not observed on the diffusion couple C,
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which has a lower concentration of W. The formation of precipitation can be explained

by diffusion induce precipitation.

The formation of Fe-W intermetallic formation was controlled by the solid-state diffusion
reaction between Fe and W. Mentioning all ternary alloys used in this work are pre-aged
at 923 K, which the solubility limit of W in the matrix Fe is higher than at 1073 K.
Therefore, more precipitation reaction may occur during annealing. Moreover, diffusion
of W from the binary to ternary alloy through the bounded interface took place at the
same time as the Fe. Therefore, the diffusion phenomenon may induce precipitation of
more intermetallic compounds in the bonded area. The Cr profile was good in the sample
annealed up to 1382.4 ks due to the line mapping being taken in the area with a lower
volume fraction of Laves phase. However, after a long time, the diffusivity through the
interface is supposed to be governed by the diffusion of Fe.

One of the studies reported the slower diffusion of Nb (large element of Laves phase
former element) in the Co.Nb Laves phase [¢l. Relatively low self-diffusion of large Nb
is restricted to the Nb sublattice, while fast self-diffusion of Co occurs via thermal
vacancies. It suggested that in the Fe-Cr-W system, large W will have relatively slow
diffusivity both in the Fe matrix and Fe.W Laves phase. In addition, it is reported that the
dislocation near the precipitate interface acts as a fast pipe for diffusion will accommodate
the precipitate coarsening (1%, It explained that the slow diffused W slightly depleted near

the bonded interface, where the intermetallic precipitated.

Kirkendall voids form because of different diffusivity rates between two atoms 2. In
many studies, the Kirkendall voids that appeared on the alloy side contain a higher
concentration of higher diffusion coefficient atoms. However, in the diffusion couple F,
the voids were observed in the Fe-6W alloy area, which was supposed to be on the Fe-
9Cr-6W side because the interdiffusion of Cr in Fe is higher than W in Fe 581, It can be
explained as the W was not penetrated deeper into the Fe-9Cr-6W side, but it reacted with
the Fe in the bonded interface. The vacancy of W diffused in the opposite direction from
the interface into the Fe-6W alloy side. The vacancy density in the Fe-6W alloy increased
and induced the formation of pores, which in the future can be an attempt to restore

equilibrium [*21,
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4.6 Conclusions

The effect of alloying elements on the diffusivity of Cr in the Fe-9Cr alloys was
investigated. The calculation showed the ratio of DS (ternary)/DES.. (binary) increases
to 1.52 times in the saturated matrix Fe(W). The ratio of D{S,. in ternary alloy decreased
with the presence of more volume fraction of Laves phase on diffusion couple of Fe-
6W/Fe-9Cr-6W. In this system, a new Laves phase precipitated along the bonded
interface, which suggested reducing the effective diffusion area in the couple. In the Fe-
2Nb/Fe-9Cr diffusion couple, DES.,. (ternary)/DEE. . (binary) is 1, which suggests that

the presence of Laves phase in this system has no effect on the Cr diffusivity.
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Chapter 5 Engineering Design of Future 9Cr
Ferritic/Martensitic Steel with a Better Steam
Oxidation Resistance for Application of A-USC

Power Plant

5.1 Introduction

The operating temperature limit of ferritic steels is a bottleneck for improving the
efficiency of the power plant. In past years, various efforts to design typical 9-12%Cr
ferritic/martensitic steel have been conducted for better creep properties and toughness at
the operating temperature of A-USC power plants 3. The chemical composition of
typical 9-12Cr ferritic/martensitic steel is listed in table 5.1, In the past year, traditional
9Cr ferritic/martensitic steels such as P91, P92, and modified 9Cr-1Mo martensitic steel
have the issue of microstructure instability after creep test for a longer time. Therefore, a
newly developed grade steel (ASME Code 2839, ASTM T93/P93) is suggested to have
better stability and creep at 923 K I, This type of steel contains 3W and 3Co, which is
similar to G115 martensitic heat resistance steel developed in China 4. The presence of
W in these steels is meant to give a better creep strength from solid solution strengthening
Bl The presence of Co is meant to suppress delta ferrite formation and reduce the
coarsening rate of M23Cs 3°1. Besides those two constituents, this steel contains boron
which can stabilize M23Ce carbides and suppress the coarsening, resulting in better

microstructure stability of grain boundaries and a longer duration of transient creep ©71,
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Table 5.1 Chemical composition of typical 9-12%Cr steel for power plant (mass%) [,

Steel C | Cr | Mo| W | Co | Ni V | Nb | N B
12CrMoV 02 | 12 1 - - 05 | 03 - - -
P91 01| 9 1 - - 01 | 0.2 |0.05|0.06| -
E911 0.1 9 1 1 - 0.3 | 0.2 | 0.05]0.07 -
E92 0.1 9 05| 1.8 - 0.05 | 0.2 | 0.06 | 0.06 | 0.001
9Cr3w3CoB | 0.1 | 9 - 3 3 - 02 |005| - |0.014

It is known that degradation, in particular, steam oxidation resistance is one of the crucial
issues for power plants besides the mechanical properties. Since there are many ways to
improve mechanical properties, the knowledge of employing the same strategy for high-
temperature oxidation is essential. This chapter proposed the guidelines for designing
typical 9Cr ferritic/martensitic steels from the perspective of oxidation behavior obtained
in this study. In particular, the knowledge of the effect of solid solution and precipitation

on scale formation and Cr diffusion through the ferrite matrix at elevated temperatures.

In chapters 2 and 3, the effect of adding alloying elements, W and Nb, on the oxidation
behavior of Fe-9Cr alloys has been clarified by dividing the effect into solid solution and
precipitation. Interdiffusion analysis in the Fe-Cr-W and Fe-Cr-Nb systems has also been
clarified in chapter 4. In particular, the interdiffusion coefficient of Cr was compared in
the precipitated alloy and alloy without precipitates. Although the diffusion annealing
temperature was increased to 1073 K to accelerate the interdiffusion of metal atoms, no

phase transformation occurred.
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5.2 Characteristic of oxide film formed on Fe-Cr alloys

The oxidation behavior of Fe-Cr steels at high temperatures is briefly explained in chapter
1. To improve steam oxidation behavior of the steel, it is necessary to form a protective
chromia scale in the initial stage of oxidation. Wagner [ proposed two criteria that should
be achieved to develop a continuous external chromia scale % First, the Cr
concentration in Fe alloy must exceed the necessary concentration for outward diffusion
to develop an external chromia layer. Low Cr concentration will lead to the formation of
internal oxidation of chromia in the matrix Fe or desired chromia will co-exist with the
iron-rich oxide. Second, once the external chromia scale is formed, the outward diffusion
of Cr must be fast enough to supply Cr at least to being consumed by scale growth reaction.
Insufficient Cr supply may fail to form a continuous scale even after the external chromia
scale has been established.

Wagner © proposed an expression of the minimum concentration of B to form a
continuous protective oxide scale of atom B in a general binary A-B alloy. In the case of
Fe-Cr alloy, the minimum Cr required to develop a continuous external chromia layer is

expressed as [190:
1
T[g*N(gS)DOValloyr (5.1)

NG, > [ ==
20D¢EVero, 5

To maintain the external chromia layer is expressed as [°*111:

1
. Valloy T[kp 2 (5-2)
Ner = nFe
32v \ D&

Where g* is the volume fraction of internal oxide precipitate when external oxide is

taken place, v is atomic ratio of O to Cr in Cr203 (1.5), kp is the parabolic rate constant,
Nés) is the mole fraction of oxygen at the metal surface, Dy and D{ are the diffusion
coefficient of oxygen and Cr, respectively, in the alloy, Vo, and Veyo,, are molar

volume of the alloy and CrO 5 1%,
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In an environment consisting of H>O, the inward flux of oxygen may be larger than in the
dry atmosphere. However, the interdiffusion coefficient of Cr in dry and humid conditions
is similar. Therefore, the minimum Cr concentration on the developing external scale of

chromia in the wet atmosphere increase, as shown in Fig. 5.1 129,
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Figure 5.1 Maps for transition of external and internal oxidation of Fe-Cr alloys in dry
and humid condition at 1073 K from reference 19,

Meier et al. [l investigated the oxidation behavior of ferritic Fe-Cr alloys in the different
atmospheres at temperatures 823 K, 923 K, and 973 K. Moreover, in the presence of water
vapor, the inward flux of oxygen became larger even if the oxygen activity was lower

than in the dry atmosphere (2, The critical Cr concentration for forming the continuous
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chromia layer at 823 K shifted from 10 mass% in the dry air to 16 wt.% in the atmosphere
containing water vapor 1,

Similar to the typical 9Cr steel, which forms a duplex scale consisting of an outer scale
of iron oxides and an inner scale of Fe-Cr spinel in flowing steam at 923 K 3], Figure 5.2
shows the Fe-9Cr alloy from a duplex scale after an oxidation test for 345.6 ks at 923 K
in a 15% H>0 gas mixture environment, which is enlarged from Fig. 2.14. The formation
of the chromia layer was not observed on the alloy. However, there will be a narrow area
in the 10Z front where oxygen partial pressure of Cr/Cr.O3 exists. In addition, banded
structure observed in the inner scale of the duplex scale has a different Cr concentration,
which was lower in the area near the 10Z 1. It is suggested the outward diffusion of
metal during oxidation. At the same time, the inward diffusion of oxygen formed and
grew the spinel layer. The oxidation kinetic of this alloy follows a nearly parabolic
manner with a rate-controlling step is the outward diffusion of Fe ions (Fe?* and Fe®")
through spinel lattice 4,
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Figure 5.2 BE images of cross-sectional area of Fe-9Cr alloy after oxidation test in

Ar-15% H>0 mixture at 923 K for 345.6 ks.
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5.3 Guidelines for designing Fe-9Cr alloy from oxidation resistance perspective

Adding W and Nb improves the oxidation behavior of Fe-9Cr alloys but in different ways.
Binary Fe-9Cr alloy performed a duplex scale consisting of the outer part (FezOs and
FeO) and inner part (inner scale and 10Z). By adding 2 mass% Nb and up to 6 mass% W,
the scale thickness can be suppressed, but the formation of a continuous layer of Cr.O3
still cannot be achieved. Therefore, instead of forming a continuous layer of Cr,0s3, other
methods to improve the oxidation resistance of the 9Cr alloy are suggested based on the

obtained results.

5.3.1 Addition of W for a better oxidation resistance

In chapter 2, a significant improvement in oxidation resistance mainly comes from the
solid solution effect. It was found that W gives a unique effect by fixing the oxygen partial
pressure in the I0Z to be lower than Fe/FeO equilibrium by forming Fe(W)/Fe:W/FeWO4
equilibrium. Under the Fe(W)/FeW/FeWOs equilibrium, the matrix of 10Z was not
oxidized, which suppressed the formation of the inner scale. This effect is unique because
the phase relationship between substrate, oxide scale, and IMCs (Fe(W)/Fe:W/FeWO,)
forms a small potential gradient of oxygen below the Fe/FeO equilibrium (Fig. 2.34). This
useful phase relationship is not found in most typical alloying elements in 9Cr
ferritic/martensitic steel, such as Mo and Nb.

In the Fe-Cr-W system, forming Fe(W)/FexW/FeWOs in the 10Z is the key phenomenon
to suppressing the formation of the inner scale. The unique structure was found on low
content W alloy together with the presence of inner scale in some parts in the scale. It
suggested that the formation of Fe(\W)/FeaW/FeWO4 can be achieved because the Cr203
particle formation induces precipitation of Fe,W Laves phase. However, the amount of
Fe>W Laves phase cannot maintain the equilibrium of Fe(W)/Fe;W/FeWOQ4 for a longer
time. It should be noted that adding W concentration from 3 mass% to 6 mass% was not
significantly improved oxidation resistance but only sustained the Fe(W)/Fe2;W/FeWO4
for a longer time. It was found that microstructure stability was an issue in maintaining
the Fe(W)/FeaW/FeWO4 equilibrium. In Fe-9Cr-3W alloy, more FeoW precipitates were
observed in lath boundaries by conducting rapid cooling. However, the Fe;W and lath
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boundaries disappear after a long time, followed by the oxidation of 10Z. It suggested
that lath stability is important to keep the lath martensite structure and provide the Fe,W

phase instead of dissolving back into the matrix solubility limit.

The other benefit of solute W is found by forming a Cr and W-rich layer beneath the inner
scale of low W content alloys, as shown in figures 2.23-2.25. It can be explained as
chapter 4 reported the effect of W on the interdiffusion of Cr in the ferrite matrix.
Although the matrix for the interdiffusion experiment is not the same as the matrix used
in chapter 2, the most beneficial of W comes from the accumulation of W in the matrix
during formation of 10Z. The large atom size of W creates more vacancies [*°!, which
boosts the Cr diffusivity by a factor of 1.52 by adding 3 mass% of W into Fe-9Cr alloy at
1073 K.

Although it was found that DE® increased by adding W into the 9Cr alloy but the DE¢
value is not effective to develop an external chromia layer. Considering the Wagner
criteria for developing and maintaining chromia layer (Eq. (5.1)), the factor 1.52 is change
the Ng, to be 0.8 times lower. In the case of the critical Cr concentration for forming the
continuous chromia at 823 K is 16 mass% in the atmosphere containing water vapor 111,
this factor of 1.52 can changed the N, to be 13 mass%. This value is still higher than
the Cr in the matrix (9 mass%). Therefore, the strategy to boost the DEE to form external
chromia layer by adding W is not applicable. However, adding low amount of W into the
alloy was found can form Cr enriched layer at the bottom part of inner scale. From the
obtained result, it can be concluded that higher W content is preferred to improve
oxidation properties both to sustain the Fe(W)/Fe,W/FeWO, equilibrium for a longer
time and to boost the interdiffusion of Cr without forming an external chromia layer.

As mentioned earlier, the significant improvement in oxidation resistance is by adding
3%W, and the effect becomes less significant if more W is added into alloy. This result
from oxidation properties in agreement with the preferable W content for a better creep
rupture strength Bl which the effect becomes saturated up to about 3 mass% as shown in
figure 5.3. In the more complex system 3 mass% W is 100% tempered martensite, and
the volume fraction of 8-Ferrite increases by adding more W. From these results, both the
strengthening mechanism and oxidation resistance of typical 9Cr steel containing W
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mainly originated from the solid solution effect. Noted that in this research, pre-aged was
used. Therefore, to apply the strategy of Fe(W)/Fe2W/FeWO4 equilibrium, it is suggested
to perform pre-aged treatment to provide fine Fe;W from the beginning. To ensure the
precipitation of laves phase without reducing the W content in the matrix, 3-4 mass% of
W is preferred. In addition, due formation of 5-Ferrite increases by adding more W, it is

suggested to add more Co or other elements that can suppress the formation of 6-Ferrite.
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Figure 5.3 Creep rupture strength as a function of W [,
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5.3.2 Effect of Nb on the scale formation of 9Cr ferritic steels

It is well known that the solid solution strengthening mechanism in 9Cr steel originated
from precipitates such as carbides (M23Cs, MeC), carbonitrides (MX, M2X), and
intermetallic compounds (Fe2(W,Mo) Laves phase, FerWe) B°. This present work
focused on the intermetallic compound (IMCs). The low solubility limit of Nb in the Fe
matrix is low, and the precipitation of Nb is preferred. Adding Nb into typical 9Cr steel
is meant to give a precipitation effect by forming MX-type and NbC precipitates 1,
However, the present work focus on the role of Nb as Laves phase Fe2Nb on oxidation
properties. In chapter 3, two types of precipitates of fine particles of FeoNb and coarse
intermetallic Fe-Nb were observed. Well distributed fine laves phase contributes to a
better and denser Cr include internal oxide particles in the I0Z and inner scale, which led
to better Cr enrichment in the inner scale. This layer retarded the outward diffusion of Fe
ion through the inner scale, which resulting in more compact and thin scale. The same
effect was suggested for the coarse intermetallic compound. However, the coarse
compound is not distributed well in the matrix and grain boundary. Hence, the effect of

the coarse intermetallic phase was smaller than the fine laves phase.

The interdiffusion experiment showed that the precipitate was not useful for boosting the
Cr diffusion in the ferrite matrix. Therefore, the effect of Nb on improving the oxidation
properties of Fe-9Cr alloy only relies on the two mentioned suggested mechanisms.
Considering Wagner's criteria for developing and maintaining chromia layer (Eq. (5.1)),
the difference between binary and ternary alloys is g* (volume fraction of internal oxide
precipitate). Kuo et al. [®! reported the volume fraction of Cr.Os per 1 mol is 19.94 cm?,
while the volume fraction of CrNbOQ4 is 38.96 cm?® per mol. Adding more Nb will increase
volume fraction of the CrNbO4. Mentioning that the 10Z on both Fe-9Cr and Fe-9Cr-2Nb
alloys are about the same, it can be concluded that adding more Nb cannot shift the N¢,

to form the external chromia layer in Fe-9Cr alloy.

Compared to the effect on the Fe-Cr-W system, the role of Nb in improving oxidation
behavior is insignificant because Nb cannot increase diffusivity of Cr in the Fe matrix. It
is also found that there is no useful phase relationship between the substrate, oxides, and
precipitates found in the system. Although the effect is not as significant as W addition,

adding Nb to form Fe;Nb contributes to a higher volume fraction of internal oxide
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particles in the inner scale and 10Z, which relatively improves the oxidation resistance in
duplex structure. Therefore, adding Nb into 9Cr steel can be considered as one of the
ways to improve oxidation resistance of the material. Considering Nb content in the
typical 9Cr steel to form MX-type and NbC is 0.05 mass% (Table 5.1), and the solubility
of Nb in Fe matrix to form FexNb is around 0.1 mass%, it is needed to increase the Nb
concentration in the alloy to be more than 0.15 mass%. In addition, there is a possibility
that the Cr is solved into the intermetallics compounds which will consume Cr in the
matrix. In that case, a longer solution treatment is preferred. In addition, because no useful
phase relationship between the substrate, oxides, and precipitates was found in this system,
it is not necessary to perform the pre-aged treatment to provide Fe2Nb from the beginning.
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5.4 Conclusions

The 9-12% Cr ferritic/martensitic steel is targeted to be applied in for components of the
A-USC power plant at 923 K in steam condition. Considering the effects of alloying
elements obtained in this thesis, some suggestions can be considered for developing
future grades of 9Cr steel. A significant improvement in oxidation resistance and better
creep rupture strength is given in the 3%W alloy. In terms of oxidation resistance,
developing Fe(W)/FeWOQO4/FeW equilibrium is the key phenomenon to suppressing the
formation of the inner scale. Therefore, it is necessary to provide fine Fe;W from the
beginning. It is suggested to add 3-4 mass% W into 9Cr steel and perform the pre-aged
treatment. Higher W is meant to provide W for Fe;W in the early stage without reducing
the W content in the matrix. In addition, it should be considered to add other elements
that can suppress 6-Ferrite formation. Compared to the effect on the Fe-Cr-W system, the
role of Nb in improving oxidation behavior is insignificant. In this system, there was no
useful phase relationship between the substrate, IMCs, and oxide scale that could suppress
the formation of the inner scale was found. Adding Nb formed a higher volume fraction
in the inner scale and 10Z, which relatively improves the oxidation resistance in the
duplex structure. Therefore, adding Nb into 9Cr steel can be considered as one of the
ways to improve oxidation resistance of the materials. Considering the low solubility of
Nb in the Fe matrix to form Fe2Nb and amount of Nb to form other strengthening phases

such as carbides, the Nb content in the alloy can be increased to above 0.15 mass%.
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Chapter 6 Conclusions

High Cr ferritic/martensitic steels are being developed for A-USC power plant
components performed around 923 K.  This study aims to clarify the effect of alloying
elements, particularly W and Nb, and microstructure on the steam oxidation behavior of
9Cr ferritic alloy at 923 K. This study aims to improve the steam oxidation behavior of
9Cr steel at 923 K by optimizing alloying elements. The conclusions from each chapter

are summarized below:

Chapter 1: Introduction

The background of this study is described as one of the ways to improve power plant
efficiency. Further literature review on material development and the properties of typical
9-12% Cr steel were presented. Based on the research background, the objectives and

flow of this thesis are explained.

Chapter 2: The Effect of Tungsten Addition on the Steam Oxidation Behavior of
Fe-9Cr Alloy at 923 K

The effect of tungsten (W) on the steam oxidation behavior of Fe-9Cr alloys under the
oxygen partial pressure of 1.3x10** Pa in an Ar-15%H,0 gas mixture at 923 K was
investigated. Fe-9Cr alloy and tungsten added Fe-9Cr alloy with three different tungsten
concentrations and two different cooling rates are compared to investigate the role of
tungsten as a dissolved alloying element in the substrate and precipitates. The results
showed that adding W into Fe-9Cr alloy significantly improves the oxidation resistance
of the alloy but without forming an external layer Cr.Os layer. Formation of the inner
scale was absent in the high W concentration alloys. A possible mechanism for scale
formation in the W added 9Cr alloys was proposed. As a solid solution element, W
promoted Cr enrichment at both the 10Z/inner scale and the 10Z/alloy interfaces, which

suppress the outward diffusion of metal ions. A finer and higher fraction of the Fe,W
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phase is useful to sustain Fe(W)/FexW/FeWO4 equilibrium in the 10Z, which suppresses
inner scale formation and contributes to the better Cr enrichment at the inner part of oxide

scale.

Chapter 3: The Effect of Niobium Addition on the Steam Oxidation Behavior of Fe-
9Cr Alloy at 923 K

The effect of niobium (Nb) on the steam oxidation behavior of Fe-9Cr was investigated.
Fe-9Cr alloy and Nb added Fe-9Cr alloys with water quenching were prepared. The steam
oxidation tests were conducted under the oxygen partial pressure of 1.3x10! Pa in an
Ar-15%H>0 gas mixture at 923 K. The results show that the Fe-9Cr-2Nb alloy has a
slower oxidation rate than the Fe-9Cr alloys. A duplex scale with a thinner and more
compact inner scale was observed. The fine Laves phase acted as a Cr reservoir and
contributed to the formation higher density of 10Z and inner scale by oxidizing Laves
phase to provide a better Cr enrichment in the inner scale, which retarded the outward
diffusion of Fe ion through the inner scale. The oxidation behavior of Fe-Cr-Nb system
is very different from the Laves phase in the Fe-Cr-W system, which can develop the
phases with a lower oxygen partial pressure of 10Z s than the Fe/ FeO equilibrium. This
phenomenon suppresses the formation of the inner scale. In this system, there was no
useful phase relationship between the substrate, IMCs, and oxide scale that was similar

to the phases relation in the Fe-Cr-W system.

Chapter 4: The Effect of Tungsten and Niobium on the Cr Diffusivity in the Fe-9Cr
Alloys with the Alloying Element

Future investigation on the effect of alloying elements, particularly W and Nb, on Cr
diffusivity in the alloy is determined by analysis of the concentration profile from the
diffusion couple samples. The diffusion annealing tests were carried out in an evacuated
chamber at 1073 K to accelerate the atom diffusion without phase transformation. DEE
in binary diffusion couple Fe/Fe-9Cr is calculated as 3.8 x 10 m?s™. The ratio of DS,

(ternary)/DES. . (binary) increases to be 1.52 times by adding 3 mass% of W into Fe-9Cr
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alloy. The ratio of DES, in ternary alloy decreased with the presence of high-volume
fraction of Laves phase on diffusion couple of Fe-6W/Fe-9Cr-6W. In this system, a new
laves phase precipitated along the bonded interface, which suggested that reduce the
effective diffusion area in the couple. In the Fe-2Nb/Fe-9Cr diffusion couple, D,
(ternary)/ DES.. (binary) is 1, which suggests that the presence of Laves phase in this

system has no effect on the Cr diffusivity.

Chapter 5: Engineering Design of Future 9Cr Ferritic/Martensitic Steel with a
Better Steam Oxidation Resistance for Application of A-USC Power Plant

Considering the effects of alloying elements obtained in this thesis, some suggestions can
be considered for developing future grades of 9Cr steel. A significant improvement in
oxidation resistance and better creep rupture strength is given in the 3%W alloy. In terms
of oxidation resistance, the develop the Fe(W)/Fe:W/FeWOs equilibrium is the key
phenomenon suppressing the formation of inner scale. Therefore, it is necessary to
provide fine FeoW from the beginning. It is suggested to add 3-4 mass% W into 9Cr steel
and perform the pre-aged treatment. Higher W is meant to provide W for Fe;W in the
early stage without reducing the W content in the matrix. In addition, it should be
considered to add other elements that can suppress d-Ferrite formation. Compared to the
effect on the Fe-Cr-W system, the role of Nb in improving oxidation behavior is
insignificant. In this system, there was no useful phase relationship between the substrate,
IMCs, and oxide scale that could suppress the formation of inner scale was found. Adding
Nb formed a higher volume fraction in the inner scale and 10Z, which relatively improves
the oxidation resistance in the duplex structure. Therefore, adding Nb into 9Cr steel can
be considered. Considering the low solubility of Nb in the Fe matrix to form Fe2Nb (0.1
mass%) and the concentration of Nb to form precipitates such as carbide in typical 9Cr
steel is 0.05 mass%, it is suggested to add Nb concentration in the alloy to be higher than

0.15 mass%.
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Chapter 6: Conclusions

All conclusions from each chapter are summarized
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