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ABSTRACT

Segregation to Oxide Grain Boundaries in High Temperature FeCrAIRE
Alloys

Dinesh Lalmani Ram

FeCrAl alloys are technologically important and extensive previous research has established
that the oxidation of these alloys at temperatures >1000°C results in the formation of a-Al,O3
oxide scales. Additionally, it has been demonstrated that the scale performance may be
modified dramatically by the segregation of minor alloy constituents (particularly Reactive
Elements (RE) such as Y, Hf, Zr, etc.) or non-metallic impurities (such as S, N, etc.) to the
oxide grain boundaries and/or the oxide - alloy interface. REs can change the oxide growth
mechanism, reduce the mechanical failure by reducing cracking and spallation and enhance
alloy lifetimes governed ultimately by scale chemical failure leading to breakaway attack.
Knowledge of segregation behaviour of these REs is thus central to mechanistic understanding
of the oxidation behaviour of this range of alloys.

The aim of this work is to understand the effect of segregation of the REs to the oxide grain
boundaries. Studies of segregation have only been possible previously using Scanning
Transmission Electron Microscopy (STEM) and energy dispersive X-ray analysis (EDX).
However the new SuperSTEM microscope at the Daresbury Laboratory offers considerable
potential for more detailed study of the segregation to oxide grain boundaries at the atomic
level. This microscope has an aberration corrector fitted to the objective lens, allowing the
formation of sub-Angstrom probe for simultaneous ultra-high resolution high angle annular
dark field (HAADF) imaging and atomic-column electron energy loss spectroscopy (EELS).

Model FeCrAIRE alloys containing controlled additions of reactive elements, such as yttrium
and hafnium were oxidized at 1250°C and 1200°C, in air, for 50 and 100 hours. The oxide was
then detached from the underlying alloy using a ferritic stainless steel etch and ion thinned to
electron transparency. After an initial examination using conventional TEM, STEM analysis
was carried out in conjunction with EDX. Finally, lattice imaging and EELS analysis were
then carried out in the SuperSTEM, which showed the segregation of the reactive elements at
the grain boundaries and the formation of hafnium rich particles at the boundaries and within
the scales. Atomic resolution imaging was carried out, in order to investigate the possible links
between the segregation sites and the orientation of grains and grain boundaries.
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Introduction
1.1. High temperature oxidation
Material degradation at high temperature is a serious problem in several high-technology
industries. Gas turbines, catalytic convertors and heating elements are a few of the examples
where oxidation/corrosion either limits their use, reduces their life or reduces operating
temperature and hence efficiency.
Oxidation of pure metals could be broadly categorized into two categories; one in which the
metal resists oxidation by forming a thin stable oxide film over the surface which may protect
the substrate beneath from subsequent oxidation. Elements like Fe, Al, Cr, Ti and Zn form
oxides such as Fe,0s3, Al,O;, Cr,0;, TiO, and ZnO respectively. The oxidation stages in these
types of elements can be described by adsorption, dissociation, chemisorption and ionization of
oxygen. This would lead to a constant reaction rate, if rate controlling as represented by
Equation 1-11,
05(g) — Ox(ad) — 20(ad) = 20°(chem) — 2h' — 20%(latt) + 4h'  —memmeememeeeeeeeee 1-1
However these processes are so rapid that the oxidation period over which they control the
reaction rate is rarely observed. This early period is extremely difficult to observe and under
the condition the oxide scale formed is thick enough for ionic diffusion through the scale to be
rate controlling™.
In the second category, the metal resists oxidation by its chemical inertness. Elements which
fall in to this category are known as noble elements, such as Au and Pt. Oxidation of an alloy
is much more complex than that of the pure elements, due to the following".
» The metals in the alloy will each have a different affinity towards oxygen
controlled by different free energies of formation of the oxides.
» A degree of solid solubility may exist between the oxides.
» The various metal ions present in the alloy will have different mobility and

diffusivity in the oxide and alloy.
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An example for the above would be NiCrAl alloys which form a chromia scale below 1000°C

and alumina scale above 1000°C.

1.2. FeCrAl alloys

FeCrAl alloys are technologically important today because of their wide spread application in
various industries where operation in an oxidizing atmosphere at high temperature is required.
They are used in industrial furnaces for making heating elements, in oil and gas industries to
make oil rig flares, in the automotive industries to make catalytic convertors and in aerospace
industries to make abradable honeycomb seals. Today nearly all cars are fitted with
lambdaprobe-controlled three-way catalytic convertors which are made using 50 micron thick
foils of FeCrAl alloys with additions of reactive elements (RE)*. Due to a huge demand in
industrial application, these alloys have been studied extensively in the past few decades and
are still studied today as further performance enhancement is desirable.

FeCrAl alloys are used extensively because they form a chromia (Cr,O;) or alumina (Al,O3)
scale depending upon the oxidation temperature, and these act as a good barrier and provide
corrosion resistance at higher temperature. Above 1000 °C, only alpha alumina is stable. This
oxide scale grows by inward diffusion of oxygen and outward diffusion of Ct/AI"!. During the
production of these alloys, tramp impurities like sulphur, carbon and phosphorus are
incorporated within it. One of the problems with these alloys is that the scales formed on them
are usually wavy/undulated in structure because of different coefficients of thermal expansion
and the impurities segregate to these free surfaces and enhance the failure of the scale thus
reducing lifetime of the alloy ' 7. The impurities could be removed by annealing in the
presence of H, to reduce the content of impurities below 10 ppm, but this is usually
uneconomical. Another factor responsible for premature failure of oxide is due to the fact that
the scale grows by inward diffusion of oxygen and outward diffusion of aluminium/chromium.
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After the complete layer of scale has formed, subsequent chromia/alumina grows within the
previously formed chromia/alumina and finally chromium or aluminium content is reduced
below that necessary to sustain the oxide growth. This Al or Cr may not be a limiting factor for
thicker alloys but may play an important role when thin strips are oxidized, as will be the case
for the future catalytic convertors. To cope with the demands of the future catalytic convertors,
the thickness of these foils must be reduced from 50 micron towards 30 micron. However, the
thinner the foil, the greater is the risk of breakaway oxidation®'?.
Hence to increase the lifetime of the alloy, it is important to protect the scale from spallation or
the onset of breakaway oxidation. This may be achieved by addition of reactive elements

which change the growth mechanism of the scale and enhance the lifetime of alloy™ !, It is

this effect which is the core of this project and remains of active interest to industries.

1.3. Objectives of this work

The purpose of this work was to look at the segregation of reactive elements to the oxide grain
boundaries and to measure the segregation of different reactive elements to them, as they play
an important role in oxide scale growth.

With the aid of scanning transmission electron microscopy (STEM) and energy dispersive
spectroscopy (EDX), the segregation to oxide grain boundaries was studied with a view to
understanding the build-up of reactive elements and trying to quantify the amount of segregant
present.

With the help of SuperSTEM and electron energy loss spectroscopy (EELS), the segregation to
the grain boundaries was assessed and lattice imaging carried out in order to see if there was
any link between segregation and the orientation of the grains and grain boundaries, and to see
whether it was possible to identify the sites occupied by reactive elements at the grain
boundary.
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Although much of the work is relatively fundamental in nature, the practical implication of the

findings will be considered along with suggestions for future work.

Page | §



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys
Literature review

Chapter 2

2.2. Mechanism of oxidation 8
2.3. Growth mechanism of Al,0;scale cssesssssssssssansasssssasssses 13

2.4. Growth rate of alumina scales on FeCrAl alloys......c.oocsonsssssssssssissonssssssssssossossossssssssses I3

2.5. Effect of Al content of the alloy. 16
2.6. Spalling of oxide scale. jades I 17
2. 7. Effect of impurities and sulphur effect......ouiissiissiiiinnss . . 21
2.8, Structural data of alpha-alumina (0-ALO3) ................ trsessssssssssssesssssssssss . |

2.9. Grain-boundary segregation and grain-boundary diff usivity......ccusesesessssoserssssosisssssonses 26

2.10. Effect of Reactive EIements. . ...covasens.. T 28

Page | 6



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys
Literature review

2.1, FeCrAl alloys

The high temperature oxidation of FeCrAl alloys forming chromia and alumina scales have
been studied for many years. FeCrAl alloys for high-temperature applications rely on the
formation of a protective, continuous, adherent and slow growing chromia/aluminum oxide
scale. Cr,0; scale is formed on the alloys when oxidation is carried below 1000°C, whereas
Al O; scale is formed above 1000°C. In the following work only alumina scale formation was
considered. This Al,O; scale protects the metal from corrosion and is thermodynamically very
stable and has a high melting point. The transport processes through these scales are very slow
and thus they remain protective up to 1350 °C in strongly oxidizing atmospheres. The
nucleation and initial growth of alumina scales is strongly affected by segregation or
adsorption on the surface of the base metals. The growth mechanism is modified by
segregation to the grain boundary in the growing oxides and oxide adherence is affected by
segregation and accumulation at the metal-oxide interface!'® '"!. Non-metallic impurities like
sulphur, phosphorus, carbon etc. play an important role in the oxidation of these alloys along
with reactive elements such as yttrium, hafnium, cerium etc. The non-metallic impurities
become incorporated into the alloys during the routine manufacturing processes and tend to
segregate to the metal-oxide interface, lowering the scale adhesion'”, Reactive elements can
be added to substrates in many ways: 1) added as pure element in the alloys, 2) as an oxide
dispersion, 3) as ion implantation or 4) as a surface coating!'® '!. The presence of chromium in
the alloy provides a third element effect and tends to stabilize the alpha-alumina. The presence
of chromium also reduces the oxygen diffusion into the alloy thereby promoting the formation
of an alumina scale™!. To develop and maintain a protective Al,O; scale on FeCrAl alloys a
critical aluminum reservoir is required. In a thick foil the alumina scale may grow and protect
the alloy as long as the Al present in the alloy does not drop below a critical level. The oxide

scale may spall under stress and a subsequent healing layer of alumina grows at the spalled

Page | 7



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys
Literature review
site. The critical aluminum content of the alloy required to form the alumina healing layer is
about 2-2.5 wt. % on strong alloys but less on weak ones™" 2. As far as the FeCrAl alloys are
concerned strong usually refers to those alloys that have been oxide dispersion strengthened,
such as PM2000 or MA956. Some other mechanically alloyed materials are also usually
strong. The rest are very weak and creep rapidly at high temperatures, so that any stress
generated during oxidation is accommodated. There is a much lower chance that the oxide will
crack and spall when the alloys are weak; hence most oxides on weak alloys remain protective
even when the Al content is well below 2%.
In the thin foils the failure of scale occurs after the formation of a chromia-rich layer at the
base of the protective alumina scale and failure leads to break away oxidation in a more classic
pattern by the formation of voluminous iron and chromium-rich oxides™. In the sections to
follow, the growth mechanism, scale spallation and failure mechanism are considered with and

without the presence of reactive element additives.

2.2. Mechanism of oxidation

The oxidation of a metal may be represented as, **

M+20,=M.0, 2-1
2

where M is the reacting metal and MO, the metal oxide.

For alumina the above Equation 2-1 can be written as,

2Al+%02 = 41,0, )

From a thermodynamic point of view, the driving force for the above reaction is the change in
the Gibbs free energy. The change in Gibbs free energy (AG) is described by the second law of

thermodynamics as:
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AG=AH-TAS 2-3
where, AH is change in the enthalpy of reaction, T is the absolute temperature and AS is the
change in entropy.

The reaction is said to be thermodynamically favorable when AG is negative and unfavorable

when AG is positive and is said to be in equilibrium when AG is equal to zero.

In the Figure 2-1 below, MO separates the two reactants as follow

3\\\\\\\\&%\‘\\%\@\\%\\\\\1
% N N
?/4‘ % 7 \\\\\\

N
3

Figure 2- 1: Schematic of an oxidation reaction, where the reaction product separates both the
reactants.

One or both the reactants must penetrate the scale for the reaction to proceed further, i.e. either
metal must be transported through the oxide scale to the oxide-gas interface and react there or
oxygen must be transported through the oxide to oxide-metal interface. When both the
reactants, that is metal as well as oxygen, are transported through the oxide, they can react

within the oxide and form oxide within oxide.

Quantitatively the driving force for Equation 2-1 is given by the change in the standard Gibbs

free energy, AG®*,
a

AG = AG® +RT ln(—;ﬁ"’-ﬁJ 2-4
Lo,
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where AG’ is the free energy change when all the species present are in their standard states,
a, is the chemical activity of component i, F,, the oxygen partial pressure within the scale, R

the universal gas constant and T the absolute temperature. At equilibrium,

AG=0

a
%J ~ RT In[K] 2-5

mLo,

-AG°® = RTlt{

where K is the equilibrium constant. Rearranging the Equation 2-4 gives,

a _ 0
K= ———m—e’ﬁ = eX] ot 2-6
a,’[,P(j’2 RT

Equation 2-5 can be rearranged to yield the minimum oxygen potential required to form the

metal oxide, as shown below

a 0
Py = 2u ool AG 2-7
: a,, RT

sz '2 is the equilibrium dissociation pressure of M,0Oy. The reaction will not proceed unless

the ambient oxygen pressure exceeds P(j;/ ? . The standard Gibbs free energy of formation of

selected oxides as a function of temperature is summarized in an Ellingham diagram (Figure 2-
2).

Once the surface of a metal is completely covered with oxide and there is sufficient oxygen at
the scale surface, solid state diffusion of reactants through the oxide scale is the rate-
determining step. Solid state diffusion occurs via the grain boundaries, lattice and/or other
short-circuit paths within the oxide. A parabolic rate law is established as the scale grows

thicker, which can be expressed as'® >,

ax _kp 2.8
& X
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where X is the scale thickness, t is the time and k, is the parabolic rate constant and upon

integration Equation 2-8 yields,

X?=2k,1+C 2-9

At the start of oxidation, X =0, when t =0 implies C = 0.

Page | 11



I

2

Standard Free Energies of formation of oxides (-AG® = RTinp, ) kimol'0,

-

Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys

107

10*

10°

10"

107

10

10

10%

10

Literature review
H_/H O ratio 10° 10¢ 10+ pO;
CO/CO, ratio 10¢ ~ 10* - 104 107
= 7 4 - 103
‘A
-1
107 7
=107
10*
| 10*
I
]
1
i ~
; 109
A
00t '
B ¢ 10° ] h
1
i
1000 I
Changeo?srme Element  Owxide e
1100 Me!hng Pt')éﬂ‘ M M 1o
Boiling Pint B 1]
: ‘U'j\ ~
1200 + . + 4- )
0 200 400 600 800 1000 1200 1400 600 1800 2000 2200 2200
Temperature ("C} R
CO/CO, ratio 10" w07 WYY
H_/H 0 ratio .
i i A A Y i 5 % 5
10 1w 0" 10¥ 10% 0% 10" 10 0% 10 10*

Figure 2- 2: Standard free energy of formation of selected oxides as a function of

temperaturem.

Page | 12

10



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys

Literature review

Sometimes the growth of scales is limited by gas-phase diffusion, when oxide scales contains
microcracks and pores within them. Microcracks in the scale provide direct access for oxygen

and thus a linear rate law is followed by the oxidation process given by,

x=kt 2-10

where k; is known as the linear rate constant.

2.2.1. Diffusion in oxides
Diffusion plays an important role in the oxidation of metals and alloys and is described by

Fick’s first law, which is used to define steady-state diffusion and is given as,

J=_ @] 2-11
dx

where, J is the diffusion flux or mass diffusing through a unit cross section in the concentration
gradient (atom/cm’.s), dc/dx is the concentration gradient (atom/cm®) and D is the diffusion
coefficient or diffusivity (cm’/s) which increases exponentially with temperature and is given

by the Arrhenius equation as,

D=D, exp(%) 2-12

where, D, is a constant for a given system, Q is the activation energy for diffusion, R is the gas

constant and 7 the absolute temperature.

2.3. Growth mechanism of Al,O;scale

When a FeCrAl alloy is oxidized above 1000 °C, it forms a protective scale of alumina. During
the initial stages of the scale growth, a transient oxide scale is formed. This transient oxide
which is metastable oxide contains all the oxides of the different elements present in FeCrAl

alloy, viz. Fe;0; CryO; and AL Os. But as the oxidation progresses only Al;O; is stable at this
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temperature and it can be seen from the Ellingham diagram (Figure 2-2) that alumina is more
stable than chromia and iron oxide. In binary alloys of Fe-Al, it is possible to develop alumina
scale, provided it has sufficient aluminium concentration™ 1. It has been found by many
authors that it is much easier to establish and maintain an alumina scale on FeCrAl alloy than
on binary alloys. This is due to the effect of chromium, which tends to reduce oxygen ingress
into alloys and thereby enhancing the external layer of alumina®.It was also found that
oxidation rate decreased by an order of magnitude when chromium content was increased from
15 to 18%. It has also been shown that the chromium or chromia particles acted as nuclei for
the formation of a-Al,O; were by suppressing the formation of metastable alumina**?. All
other oxides dissociate and become incorporated into the scale after the transient stage!*™".
Similar results were also found by Golightly et al.” * who worked on the development of
early stages of a-Al,O; scales on FeCrAl alloys. They found that after the initial few minutes
of oxidation, a stable a-Al,O; developed beneath the aluminium, iron and chromium-rich
transient oxide. It was also shown that this stage of stable a-Al,O; growth is achieved more
rapidly with increase in Cr content®™ *+#21,
The alumina scale may have a different form at different temperatures; during the initial stages
of oxidation all the different types of aluminas are formed, a- ALO;, 8- ALLO;, v- ALLO; and 8-
Al,Os. But as the oxidation progresses a- Al,Os is the most stable phase above 1000°C and all
other forms of alumina transform into a- ALO;*> .
The overall growth of the scale is influenced by both thermodynamics and reaction kinetics.
The growth mechanism of Al,O; scale has been a topic of study for many decades and has led
to scattered results. Some of the earlier work done on FeCrAl suggests that Al,O; scale
predominantly grows by outward diffusion of aluminum to the free surface. However, some
authors have reported scale grows by inward diffusion of oxygen and some authors have
suggested that the growth mechanism was by both inward and outward diffusion of oxygen

and aluminum respectively™ *1. Some of the work carried out on FeCrAl alloys found that the
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alumina scale was wrinkled. wavy or convoluted with areas where contact has been lost
between the scale and the alloy. The reason for this morphological development was as a result
of deformation following the build-up of compressive stresses within the oxide as it grows.
New oxides were found at oxide grain boundaries following the reaction between oxygen ions
diffusing inwards and aluminium ions diffusing outwards, which led to lateral growth of the
oxide scale. It was also suggested that, diffusing oxygen and aluminium species are unlikely to
pass each other while moving along the same path. So it was proposed that oxygen ions move
along the oxide grain boundary predominantly whereas aluminium ions move outward through
the short circuit paths within the alumina grains™”. Similar work done by K. Messaoudi et al.”*”
showed that cationic and anionic diffusion are both important. According to these authors the
cationic diffusion is more important than the anionic diffusion. Thus the growth of the a-Al,O3
scale occurs by the counter diffusion of oxygen and aluminum through the bulk and alloy grain
boundaries. Some of the recent work carried out by Tolpygo and Clarke also illustrates the
preferential diffusion of aluminum and oxygen along the grain boundaries in a-ALO; during
scale growth™ between 1100 -1200°C.
Work performed on these alloys also showed voids present at the metal-oxide interfaces. The
formation of voids or interfacial cavities is the result of coalescence of vacancies arising from
the outward diffusion of cations from the substrate to the scale. If inward diffusion of oxygen
through the grain boundaries is predominant, void formation can be attributed to the fact that
the rate of back diffusion to the alloy is faster than the rate of forward diffusion of oxidizable

metal to the alloy scale surface™*” ",

2.4. Growth rate of alumina scales on FeCrAl alloys

A detailed knowledge of the rate law governing scale kinetics is absolutely essential for a
reliable prediction of component life and materials application limits. When considering the
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lifetime limits of FeCrAl alloys, the loss in a component’s wall thickness due to oxidation is
generally not life limiting. The reason being the scale thicknesses are in the pm range even
after long periods of oxidation above 1000 °C. The lifetime limit is governed by the Al
reservoir within the scale-forming alloy. Al is consumed during the scale growth and scale re-
healing after spallation, which ultimately results in the exhaustion of the Al reservoir which
leads to breakaway oxidation® ). For a given alloy the breakaway depends on the
volume/surface ratio of the component as well as the scale growth and spalling kinetics. The
spalling kinetics is the crucial factor for the rate at which the Al reservoir is exhausted for
thicker components. However for components which are about 100 um thick or less, it is not
usually the life-limiting factor and aluminum consumption is governed by the growth kinetics.
It is this low Al reservoir which limits lifetime®> >34,
The o-AlLO; scales formed at or above 1000 °C generally exhibit a sub-parabolic and
frequently near-cubic time dependent growth rate. Quadakkers et al. also showed that
frequently used methods for determining the growth kinetics using weight change data by
plotting AmAt ) or (Am)*/(t), gives an erroneous impression that scale growth Kinetics are
governed initially by transient-oxide and followed by a stable a-Al,O; growth, which obeys
parabolic time dependence®™. In fact deviation from sub-parabolic and often near-cubic

kinetics is frequently caused by scale cracking during thermal cycling.

2.5. Effect of Al content of the alloy

The influence of Al content is marked throughout the initial stages and final stages of the
oxidation process and affects oxide nucleation, scale adhesion and growth rate.

The protective and adherent a-alumina scale formed on FeCrAl alloys grows with oxidation
time, but after prolonged oxidation the aluminium content in the substrate is consumed by the
continuously growing oxide scale. Once the level in the substrate falls below a critical value,
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the alumina scale can no longer grow and chromium and iron oxide take over and start
growing rapidly. Iron oxide grows more rapidly and does not have the same protective
character as a-alumina scale and substrate consumption is significantly greater. This
phenomenon is known as breakaway oxidation and corresponds to the end of lifetime of the
alloy, marked by catastrophic failure of the substrate’. It has also been reported that
formation of a chromia layer can effectively prolong the lifetime of the alloy once aluminium
has been depleted. Hence the breakaway stage is no longer identical to the period of rapid

weight change during oxidation'*™).

The effect of aluminum content may be attributed to rapid formation of greater total number of
Al oxide nuclei on the surface of the alloy thus reducing the inter-nuclear distances and hence
a more rapid coverage of the surface. Some of the work done suggests that as Al content
increased there was a reduction in the rate of oxidation®. This is due to rapid oxidation of
base metal in the lower Al alloys, as it has been observed that, initially there is enhanced
growth of base metal oxides at the metal surface. The amount of spallation decreased with

[12, 56, 67-

increased Al content as spall particles became smaller in size and progressively finer

7]

2.6. Spalling of oxide scale

The oxidation of FeCrAl alloys involves nucleation followed by growth which ultimately
forms the protective oxide scale on the surface. In some cases the oxide scale is smooth and
adherent and does not spall, whereas in other cases the scale spalls at some stage of the
oxidation process and is replaced with new intermediate scale formation at those spalled sites.
The main reason for scale spallation is the stress generated during the isothermal oxidation.
There are two principle modes of stress generation, the growth stresses and the thermal stresses
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during oxidation of metal. Any of these modes of stress generation can be responsible for the
scale spallation!'? " "7,

The growth stresses start accumulating in the oxide scale during its growth due to increase in
volume as metal incorporates oxygen. As the thickness of the scale keeps increasing at a
certain point the interface energy is much less than the stored elastic energy in the film and it
releases the energy by spallation. Also the stress can be released either by cracking or buckling
of the oxide scale and both these mechanisms would lead to scale spallation. The various
factors which are responsible for the accumulation of growth stresses are discussed in the
following paragraph.

An important factor is the difference in molar volumes of metal and the oxide scale formed on

it, which can be denoted by a ratio described as the Pilling Bedworth Ratio (PBR).

V (per metal ion in oxide)

243 2 R 213

V (per metal atom in metal)

where, V is the volume

The oxide is expected to be in compression if the PBR is greater than unity which is the case
for most metal and FeCrAl alloys. The oxide is in tension if PBR is less than unity and alkali
metals fall in to this category. If the PBR ratio is equal to 1 or close to 1, the oxide does not
spall and the scale remains adherent to the substrate metal. This ratio is only useful when scale
grows predominantly at the metal-oxide interface but is less important at the oxide-gas
interface. This is because, when the oxide growth is controlled by the inward diffusion of
anions, new oxide forms at the metal-oxide interface and this fresh oxide is constrained by the

substrate metal and the existing oxide layer. This oxide growth is responsible for the growth
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stress generated. The stress generated is due to the fact that the specific volumes of oxide are
rarely the same as the metal consumed.
In the case of alumina, the formation of a mole of Al,O; consumes two moles of Al based on

the oxidation reaction (Equation 2-2). The Pilling Bedworth ratio is calculated as,

Volume of a mole of AlLO;

PBR = S———— R V' |

Volume of two moles of Al

The volume (V) of one mole of oxide can be calculated as, V' = W/p, where W is the mole
weight of the oxide and p is the density of the oxide. PBR of oxidation of Al has been
calculated as = 1.29".

The other factors which are responsible for growth stresses are the epitaxial relationship
between the metal and surface oxide, compositional changes between the metal/alloy and the
oxide formed, and modes of diffusion.

Many applications of FeCrAl alloys at high temperature involve temperature fluctuation. The
relative coefficient of expansion of the metal and oxide are therefore important in determining
the additional stresses generated. The metals have higher coefficient of expansion than the
oxide and on cooling introduce compressive stresses on the layer. The compressive stress

generated are given by,

o . EOAT (aO o am)
Gridetcompres) 1+ 2(Ey | E,, )ty —1,,)

Where E, and E,, are the Young’s moduli of oxide and metal/alloy, respectively

o, and a,, are the coefficients of thermal expansion of oxide and metal/alloy
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t, and t,, are the thicknesses of the oxide and metal/alloy
and AT is the temperature drop

The greater the disparity between expansion coefficients the greater the cyclic stresses
generated and the less adherent the oxide becomes especially when PBR is > 14,
2.6.1. Spalling failure of a-Alumina scale
The influence of cooling rates and metal thickness on spalling failure of a-Al,O; scale formed
on FeCrAl alloys failure was studied by Tolpygo and Clark™® 7 7. The a-ALO; scale was
found to fail by spontaneous buckling and spalling at room temperature under constant residual
stress. The authors suggested that for a given film thickness, the extent of spalling was
independent of cooling rate, as might be expected if the residual stress alone motivated
spalling. However it was found that for a given cooling rate, thinner metal plates exhibited
more spalling, which was contrary to expectation as residual stress in the oxide is always
greater on thicker metal plates. So, the extent of spalling cannot be related only to the residual
stress in the film.
An explanation suggested in the literature is that slow cooling rates after isothermal oxidation,
resulted in segregation of impurities at the oxide-metal interface!’”). If the interface was
relatively clean during oxidation it remained free from impurities after fast cooling, whereas
during slow cooling, there was a gradual decrease in impurity solubility in the alloy and hence
impurities like sulfur, carbon, phosphorus were found to segregate at the interface which
should weaken it. However the scale was found to be more adherent on slow cooling. This
could be explained by considering residual compressive stresses in conjunction with impurity
segregation in the oxide as follows: During slow cooling the interface is weakened but the
stresses developed are too small to initiate buckling and spalling; during fast cooling, the
stresses developed are high but the interface is strong as segregation to metal-oxide interface is
prevented. However, a comparison of specimens of different thickness did not support the

proposed hypothesis. As it was found that at any given cooling rate and at the same
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segregation level, thinner specimens with lower oxide stresses exhibited more spallation™® ™

86]

2.7. Effect of impurities and sulphur effect

All commercial alloys contain ppm levels of non-metallic impurities that segregate readily to
the surfaces when alloys are oxidized at high temperatures. The segregant type and the extent
of segregation at a given time and temperature depends upon the impurity concentration, the
segregation free energy and the diffusion rate of the segregant. It has been known that sulphur
can segregate to the growing metal-oxide interfaces thus weakening the interfacial bond and
reducing scale adhesion. Hou et al.’ *"! tried answering such fundamental questions as, is it
energetically favorable for a large sulphur ion to segregate to a metal-oxide interface. As
discussed earlier, the scales formed on the FeCrAl are convoluted or wrinkled and the extent
increases with time. It was found that the scale underside contained only Al and O, whereas S
was found to segregate everywhere on the metal side of the interface'®. It was found that
sulphur built-up quickly at the interface and reached saturation level of about 22 — 26 atomic
percent after just 10 minutes of oxidation. This rate was independent of cooling rate, oxidation
time and interface morphology. Sulphur was found to co-segregate with chromium and nearly
the same level of S was observed everywhere on the FeCrAl alloy as a result of co-segregation.
It was concluded that the strong relationship between sulphur and chromium alters the
segregation energy and dictates the interface sulphur content and is also independent of
temperature or the type of interface morphology. The driving force for the segregation is the
same as that to the free surface and independent of growth stresses. Carbon also segregated to
interface during cooling owing to Cr enrichment at the interface. It has been found that
adherence of alumina scale is greatly improved by the presence of small amount of RE. Many
mechanisms have been proposed for this phenomenon but the most widely accepted one is
known as the sulphur effect’”-*,
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In recent years the sulphur effect on the adhesion of oxide scales on metals has been a
controversial topic. It is well established that sulfur in high-temperature alloys can deteriorate
the oxidation resistance and enhance oxide spallation. The scales are more adherent on alloys
with low-sulfur content, or after sulfur have been removed by repeated oxidation and grinding
or desulfurization in H, at high temperatures, as has been been found by many authors®>*".
The oxidation resistance and oxide-scale adherence observed for high temperature alloys
containing small alloying additions of Hf, Y, La, etc. could be partly explained by the fact that
sulfur is tied-up effectively in the very stable sulfides of the rare-earth elements. The other
major effect of sulphur was to enhance the interfacial void formation, creating a weaker
interface by increasing its defect concentration. Sulphur-containing interfaces are weaker than
sulphur-free interfaces. The interface formed on RE-containing alloys are much stronger,
suggesting a positive effect of RE on scale adhesion. The sulphur effect on the adherence is
due to the very high tendency for sulphur segregation to free metal surfaces which leads to a
marked decrease in the metal surface energy. When void formation or scale detachment starts
at some defect site on the interface, sulphur segregates immediately to the free metal surface
formed thereby stabilizing the defect. Thus the presence of sulphur accelerates the growth to

cavities and degrades the metal-oxide interface.

2.8. Structural data of alpha-alumina (a-ALO;)

a-Al,O; belongs to the space group R3c= Dfd (International table for X-ray crystallography,

Volume 1, 1972). The a-Al,O; crystal structure is often described as having O” anions in an
approximately hexagonal closed packed (HCP) arrangement with AP** cations occupying two-
thirds of the octahedral interstices. The structure is composed of alternating O and Al
planes®”. This arrangement has been shown in Figure 2-3 and the empty site of the cation sub-

lattice is used to define the corners of the unit cell which is shown schematically in Figure 2-4.
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The a-Al,O; is usually described in terms of hexagonal Miller-Bravais indices even though it
is rhombohedral. This leads to a 30° rotation of the a-axes about the c-axis when compared to

an hcp metal. Thus, the closed-packed direction in the anion sub-lattice lies along <1010>,

whereas in hcp metals the closed-packed directions lie along the <I 120>. The
crystallographic specifications are given by the International table for X-ray crystallography,
Volume 1, 1972 while the specific lattice parameters and atomic positions where determined

by Newnham and DeHaan (1962).

Crystallographic specifications

D The rhombohedral structural unit cell
Lattice a=5.1284 A
Parameters 0=55.28 °
Cell volume V=84.929 A’
Formula units per cell n=2

Atomic positions:

a) 4 Al3+ions at 4c positions

w,w,w;v?,v;,w;; 12+w,12+w,12+w
and 1/2-w, 112-w, 1/2—-w

where w=0.3520

b) 6 O2-ions at 6¢ positions

u 1/2—-u,1/4;1/2—u,1/4,u; 1/4,u,12—-u

u, 1/2+u,-1/4;1/2 +u, -1/4, uand -1/4, u, 1/2 +u
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where u=0.556

The hexagonal structural unit cell

Lattice a,;=4.7589 A
Parameters c=12.991°

Cell volume V=254.792 A’
Formula units per cell n=6

Atomic positions:

a) 12 Al3+ions at 12c positions

0,0, 0; 1/3, 2/3, 2/3; 2/3, 1/3, 1/3) +
0,0,z 0,0, Z?O, 0,1/2+zand 0,0,1/2 -z

where z=0.3520

¢) 18 O2-ions at 18e positions

0,0, 0; 1/3, 2/3, 2/3; 2/3, 1/3, 1/3) +

X, 0, 1/4; 0, x, 1/4; X, x, -1/4; X, 0, -1/4; 0, X, -1/4 and x, X, %

where x=0.306
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[0210] [0710]

Is oxygen anion

. Is aluminium cation

Is an empty cation site

Figure 2- 3: The basal plane of sapphire, showing the HCP anion sublattice and the cation
occupying two-third of the octahedral interstices (Kronberg 1957).

[2110] [1100] [0210] [0110] [1120]

poto] — , — [1010]
pofo) — ot p / — [1010]
o ./ ¥ : i ; N \‘ e
[1120] [0110] [1210] [1100] [2110]

Figure 2- 4: The cation sublattice in sapphire. The vacant octahedral sites define the
corners of a morphological unit cell (Kronberg 1957).
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Figure 2- 5: Schematic showing the slice of the structure, one Al-polyhedron thick,
showing the stacking sequence along [0001].

2.9. Grain-boundary segregation and grain-boundary diffusivity

Grain boundary segregation is a term which describes the localized concentration of solute
species at the grain boundaries in solids. There are two main types of segregation; non-
equilibrium and equilibrium. Solute pile-up at a moving interface or by solutes coupling to
vacancies which are moving to grain boundary sources or sinks during quenching or under
applied stress are a result of non-equilibrium segregation.

Equilibrium grain boundary segregation in metals and alloys is known to be severely
detrimental to many important mechanical properties. It has been associated with the lattice
disorder at the grain boundary and the sites which exist for solute atoms to segregate having a
different energy from those in the lattice. In order to minimize the overall free energy of the
system, in equilibrium segregation solute atoms partition unequally between the two sets of

sites in accordance with the statistics of thermodynamics®™® %>,
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2.9.1. The enthalpy of segregation
When a substitutional solute atom B is transferred from the matrix interior to the grain
boundary in a matrix of A atoms, in the regular solution approximation, grain boundary

segregation enthalpy (AH,) is given by™®®

—AH, /Ny = V) AZ, (64, - £,,) +(Q/ N, )2Z,X, +AZ,) 2-16

where AZ, is the difference between the coordination number for atoms across an inter-atomic
plane in the bulk (Z,),and that across the grain boundary (Z,). Z, is the coordination number in
the atom layer which is assumed to be the same in the bulk as that of the grain boundary, R is
the molar regular solution parameter, N, is Avogadro’s number and €xs and egp are the
homogeneous interaction energies between nearest neighboring atoms A and B. The above

calculation does not take account of the strain released as was discussed by McLean™.

For solute atoms smaller than the matrix atoms no strain effect is expected, but for solute atom
10% greater than matrix atom, the strain term gives the dominant contribution to the enthalpy
of surface segregation. At grain boundaries it is likely that this full strain term is again

released™. Thus, using the relation for that of the molar sublimation enthalpy for species A,

H j"b may be written as,

HY =- 1 Zs,N, 2-17

AZ/ _ ) ]
and /Zv_y,,/zyné 2-18

the above equations 2-16,2-17 and 2-18 can be combined to estimate the enthalpy of

segregation where y;, and v are the surface energies.
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2.9.2. Kinetics of segregation
Most models of the kinetics of segregation follow McLean's (1957) approach. Solute atoms are
assumed to segregate to the boundary from two infinite half crystals of uniform solute content.
Fick's laws are used to describe diffusion in the crystals.
The ratio of the solute in the grain boundary to that in the adjacent atom layer of the bulk is
denoted as B. Assuming flux conservation at the boundary, the kinetics of the segregation are
described by

X,0-X,0 _, 4Dt ) 'f{ ADt ) 5 19
X, () = X, (0)

where X, () is the grain boundary content at time t, D is the solute bulk diffusivity

and is related to the atom sizes of the solute and matrix, b and a, respectively, by

f=a’b™. For short times the equation approximates to,

2-20

X, (0= X,(0) -gﬁi(ﬂ)%
X,(®)-X,(0) pBad’

The above equations are two extremes of a general problem. In general B is only constant for

dilute systems with low segregation levels, as segregation proceeds p generally falls as a result

of saturation.

2.10. Effect of Reactive Elements

Alumina-forming alloys are known to exhibit protective properties under high-temperature
oxidizing environments. The presence of aluminum in the alloys allows the formation of a
protective a-alumina scale. However, the oxide scale may spall under thermal cycling. Many
investigations have shown that the addition of a reactive element such as yttrium, hafnium, or

zirconium to the FeCrAl alloys improves their corrosion resistance at high temperature. In this
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section the effect of these reactive elements are studied with respect to their effect on scale
growth, adhesion and modification of oxidation mechanism. The effects of single reactive
element as well as alloys co-doped with several reactive elements have been reviewed. The
process by which the reactive element reduces scale spallation is known as the reactive
element effect and is still poorly understood [ 1327 40. 44, 46. 63, 77.79, 80. 82, 84-86. 89, 97-130] There are
various mechanisms by which the beneficial effect of reactive elements may be explained
during the scale growth stage and the scale adhesion. One of the widely accepted mechanisms
is promoting the nucleation of alumina and consequently reducing the aluminium content
necessary to form a continuous alumina scale. The presence of a reactive element has been
shown to change the growth mechanism of the scale from outward diffusion of Al ions and
inward diffusion of O ions to predominantly inward diffusion of O ions through the scale''°l.
The presence of reactive element has also been shown to enhance bond strength by binding
impurities like sulphur and phosphorous and preventing their segregation to the metal-oxide
interfaces, the effect is known as the sulphur effect!"™.
The reactive element could be incorporated into the substrates as a pure element, as an oxide

dispersoid or by various surface coating techniques. Figure 2-6 shows an schematic of different

techniques by which reactive elements could be incorporated into the FeCrAl.
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Bulk Addition Coatings
Oxide Dispersion lon Implantation

Figure 2- 6: Commonly used methods of adding reactive elements to the alloy substrate.

2.10.1. Effect of yttrium

In the last few decades a great deal of work has been done on studying the effect of yttrium (Y)
on FeCrAl alloys. The reactive element yttrium has been added to improve the oxidation
properties of the alloy. The research has indicated the effect of yttrium on the growth and
structure of alpha-alumina scale, its effect on the chemistry and structure on the metal-oxide

interface and the oxidation kinetics.

2.10.1.1. The effect of yttrium on the growth rate of scale

As discussed in the previous section, during the initial stages of oxidation, there is oxidation of
all the constituent metals including aluminum. As the oxidation progresses only the stable
alpha-alumina continues to form. The early growth and development of protective Al,O; scales

during oxidation at temperatures in the range of 900 to 1300 °C, is complicated by the
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presence of transition alumina (y -Al,Os, 8 -AL,O;, and 6 -Al,05) which eventually transform
into the stable a-alumina.
Previous authors studied growth rates using alloys doped Y and undoped alloy. It was found
that, after an initial transient stage of about 8-10 hr, the oxidation kinetics of both doped and
undoped specimens were controlled by diffusion!® """ ' It was shown, that a mainly
parabolic growth rate law is followed after an initial transient stage and results in slower
oxidation rates.
The oxide scale formed on undoped alloy was composed of transition alumina and a-Al,O;,
whereas those formed on doped alloys were mainly a-Al,O;. It was found that there was no
significant influence of Y on the oxidation rate of Y-doped alloy during the transient oxidation
stage. However the parabolic part of the mass-gain curves showed a marked influence of
yttrium on the growth rate of the oxide scale. The addition of the reactive element leads to a
reduction of the parabolic rate constant by a factor of about 10. This mass gain analysis
together with micro structural analysis suggested that the effect of the reactive element Y is to
accelerate the phase transformation of transition alumina into a-Al,O; and hence promotes the
growth of a more protective oxide scale. This mechanism whereby reactive element influences
the rate of transformation of metastable alumina into a-alumina at temperatures below 1000 °C
is still a matter of discussion.
A further possible mechanism suggested by some authors involved the presence of more
heterogeneous nucleation sites on the alloy surface and presence of yttrium causing early
nucleation. This early nucleation leads to early formation of the stable alpha-alumina. Hence

mostly alpha-alumina scale was observed on the surface of the doped alloys!'> > #> 1% 102 103

108, 117, 132-135]
Some other authors, however, have reported that yttrium additions delay the phase
transformation. Jedlinski has proposed a possible explanation of these various existing

controversies® . According to him the influence of the reactive element can be accounted
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for in terms of parallel mechanisms, which lead respectively to an acceleration or a retardation
of the phase transformation. The relative contribution of each of these mechanisms depends on

the amount and form of the reactive element.

2.10.1.2. The effect of yttrium on the growth and structure of alpha-alumina

The yttrium (Y) addition protects the base FeCrAl alloys against oxidation at high
temperatures by improving the adhesion of the a-Al203 scale produced. There were marked
differences and similarities found when FeCrAl with and without yttrium additives were
studied. It was found that the alloys with and without yttrium additive formed oxide scales
which were roughly of the same thickness. The oxide surface on the undoped alloy revealed a
coarse structure with small ridges on the oxide grain boundaries whereas the oxide surface of
the Y-doped alloy showed a fine-grain oxide structure. There was no scale spallation observed
on the Y-doped alloy, whereas the oxide on the undoped alloy spalled during cooling to room
temperature. This spallation was limited to a few small areas, which were mainly located at
metal grain boundaries.

The undoped alloy was found to exhibit large equiaxed a-Al,Os grains which had a diameter of
approximately 1 micron. In the undoped oxide scale, micro-voids were present at the metal-
oxide interface, at intersections with oxide grain boundaries. These voids were spaced a few
microns apart. Generally the oxide grains were found to be in good contact with the metal
substrate. There were micro-voids detected within the outer half of the oxide scale.

On the other hand, an Y-containing alloy was found to have a columnar grain structure beneath
a thin scale of equiaxed grains at the oxide-gas interface. The columnar grains were
approximately 1+ 2 micron in length and about 0.4+ 0.6 micron in width. There were no
micro-voids found in the scale and the metal-oxide interface was found to be intact.

The different growth mechanisms observed on Y-doped and undoped FeCrAl gave rise to the

columnar or equiaxed oxide grain structure. It appears likely that the growth of columnar
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grains is a result of formation of new oxide at the metal-oxide interface, indicating the scale
grows predominantly by inward diffusion of oxygen. It could be concluded from the growth of
such scale on Y-doped alloy that, Al diffusion was suppressed by Y ions segregating to oxide
grain boundaries, while growth of equiaxed grains occurred mainly by oxide formation
throughout the scale, which requires simultaneous inward and outward transport of oxygen and
Al[45, 113, 114, 123, 128]
The Y diffusion seems to suppress void formation at the metal-oxide interface for Y-doped
FeCrAl. As the scales on undoped alloys grew both by inward and outward diffusion, micro-
voids were found near the upper half of the oxide scales.
The microstructure near the interface reveals a small number of particles which was found to
be rich in yttrium, when analyzed using X-ray spectroscopy. The earlier work done to calculate
the yttrium coverage shows a value of about 0.36-0.1 monolayer across most of the boundaries
examined near the metal-oxide interface. Y-rich precipitates were also detected in small
numbers at oxide grain boundaries using X-rays. Hence the presence of Y-rich precipitates in
the scale at oxide grain boundaries was assumed not to have a significant influence on the

diffusion properties.

2.10.1.3. Influence of yttrium on stress in the alumina scale

The addition of reactive elements such as yttrium to FeCrAl alloys significantly improves the
adherence of thermally-grown oxide scales. One of the proposed beneficial mechanisms is
based on the premise that yttrium helps to decrease the residual compressive stress in the oxide
exerted by the substrate thus decreasing the driving force needed for spallation of the oxide
scale!®> 1%,

The microstructural variations have been studied most widely with yttrium as the most

common reactive element additive. As mentioned in the above section, the scale formed on

alloys containing yttrium tends to be flat and without any voids at the metal-oxide interface in
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contrast to undoped alloys. The work carried out by Tolpygo and Clark et al has tried to look at
different mechanisms generating reduction in stresses*. The results obtained showed that the
compressive stress in the oxide scale formed on Fe-Cr-Al as a function of oxidation time at
1100°C was similar in the doped and undoped yttrium although the yttrium-containing
material could sustain a larger compressive stress by about 0.7 GPa. It was also found that the
stresses gradually increased with oxidation time.
Some of the recent work done to measure the effect of yttrium on boundary strength of the
metal-oxide interface suggests that there is a marked improvement™® * *. Although it was
found that the Y-doped and undoped samples underwent similar microstructural changes, the
interfacial strength of the Y-doped sample was reduced. The possible explanation suggested by

the author was depletion of Y at the interface due to formation of yttrium-rich precipitates””

137]

2.10.2. Effect of Hafnium (Hf)

The effect of Hf on FeCrAl alloy without any other additive has been discussed previously by
Pint et. al "** who showed that Hf-doped FeCrAl lowered the parabolic rate constants at 1200
°C by a factor of 3. Work carried out on an alloy with an 0.05% hafnium addition showed a
lower rate constant compared to alloys with an yttrium addition.

He found there were pegs present at the metal-scale interface and in the metal, which were
filled with reactive element-rich oxides and showed the presence of internal oxidation. He also
concluded that the amount of internal oxidation decreased as the reactive element content was
reduced, which resulted in lower rate constants. He found that hafnium doping was the most
effective in reducing the scale growth rate in FeCrAl. Even though the hafnium-doped alloy
had the lowest growth rate it was found that it had the shortest useful lifetime, resulting from

excessive spallation of the scale. No clear reason for the poor spallation performance of the
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hafnium-doped FeCrAl has been given. Pint et al. suggested that as the alloy had higher sulfur

content, it could be linked to scale spallation, but no direct correlation could be drawn.

2.10.3. Effect of Zirconium (Zr)

The grain boundary segregants may have either detrimental or beneficial effects on scale
micro-structure and properties. Detrimental aspects of grain boundary segregation are
segregation-induced inter-granular fracture embrittlement induced by impurity elements.
Beneficial effects of dopant segregation on material properties have been demonstrated in
FeCrAl alloys by improving the oxidation resistance. Cyclic oxidation tests were carried out to
see the effect of zirconium on FeCrAl alloy, and it was found that they showed lower growth
rate compared to alloys with other reactive element additives'*\. It was found that though the
alloys with zirconium additive had a lower growth rate it spalled earlier compared to alloys
having a higher growth rate.

As mentioned above, reactive element additions have also been responsible for increase in the
creep resistance of the alloy by a factor of two to three times. Work carried out by Wang et al.
[140. 1411 showed the presence of zirconium at grain boundary sites in alpha alumina ceramics. It
has been proposed that the ionic size mismatch between the solute and the matrix lattice is the
dominant driving force for such solute grain boundary segregation. The Zr ions are larger than
the Al ions, and they show strong tendency for segregating to alpha Al;Os grain boundaries.

This may be the reason for the poor spall resistance of the Zr-rich alloys.
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3.1. Electron scattering theory
The scattering of fast electrons can be divided into elastic and inelastic components; the term
elastic being taken to mean that the energy lost to the sample during the scattering is less than
the experimental energy resolution.
In this section these two types of scattering will be discussed in detail. The theory of electron
interaction within a solid is usually considered as scattering of an electron by a single isolated
atom and then modified to accommodate the various states of agglomeration of atoms in
amorphous and crystalline solids.
An electron travelling through a solid can be scattered in many ways when it interacts with an
isolated atom as shown schematically in Figure 3-1.
Only forward scattered electrons are discussed in this chapter; Figure 3-2 defines the
parameters of forward scattering. The electrons may be scattered through an angle 6 (radians)
into a solid angle Q measured in steradians (sr). 0 is assumed to be small and hence , sin 6 =
tan 6 = 0. The characteristics of scattering events are controlled by many factors such as the
electron energy and the atomic number Z of the scattering atom and the closest approach of the

electron.
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Figure 3- 1: Different kinds of electron scattering from a thin specimen'm]
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Figure 3- 2: Electron scattering by a single isolated atom. The electrons are scattered through an
angle 0 and the total solid angle of scattering is Q. An incremental increase in scattering angle 40
gives an incremental increase in solid angle dQ where dQ=27040"*.
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3.1.1. Elastic scattering

Interaction of an incident electron with the electrostatic field of an atomic nucleus is known as

elastic scattering. A nucleus is some thousands of times more massive than an electron, so the

energy transferred involved in elastic scattering is negligible. However, small fractions of
electrons are scattered through large angles, the transfer can then amount to some tens of eV.

Elastic scattering is not a subject of direct interest in electron energy loss spectroscopy, but it is

of relevance because!'*’!

1) Some electrons undergo both elastic and inelastic interaction within the sample. The
angular distribution of the inelastically scattered electrons is thus modified by
convolution with elastically scattered electrons.

2) Elastic scattering may redistribute the electron flux (current density) within each unit
cell in a crystalline material and thereby alter the probability of certain types of
inelastic scattering.

3) Local atom number, i.e. chemical composition of a specimen, can be estimated by the

intensity of elastic scattering as displayed by image contrast in Bright Field (BF), Dark

Field (DF) and High Angular Dark Field (HADF).

3.1.2. Differential cross-section

Differential cross-section is an important basic quantity in scattering theory, which represents
the probability of an incident electron being scattered (per unit solid angle Q) by a given atom.
For the elastic scattering, one can write the differential cross-section as,

do
g ¥
o If1 i

where, fis the complex scattering amplitude or scattering factor, which is a function of the

scattering angle 0 or the scattering vector q. f is proportional to the three dimensional Fourier
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transform of the atomic potential V(r), within the first Born approximation ( equivalent to
assuming only single scattering within each atom).

do/dQ can be expressed in terms of an elastic form factor F(g),

do 4 2

§5=azq4|F(‘1)| 3-2
0

do 4y*

e O >
0

a, = 4ne,h’ I mye® =0.529x107"°m is the Bohr radius

y=>1-v*/c? )—% is a relativistic factor dependent upon the electron velocity v and

q=2kpsin6/2 is known as a scattering vector.
A more thorough discussion on the interference of electron scattering can be found in

Egerton!"*.

3.2. Inelastic scattering

Higher levels of energy sharing occur between particles of similar mass. Hence fast electrons
are inelastically scattered through interaction with either outer- or inner-shell atomic electrons.
These two processes predominate in different regions of the energy loss spectrum, the low loss
arising from the interaction with outer-shell electrons and core-loss arising from the interaction
with inner-shell electrons.

In this section, theories which predict the total cross section for inelastic scattering by atomic

electrons are discussed briefly followed by application to low loss and core loss events.
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3.2.1. Differential cross section
To have a comparison with elastic scattering, angular dependence of the total inelastic

scattering (integrated over all energy loss) is expressed by the differential cross-section
do,/dQ.

Lenz in 1954, obtained a differential cross section by modifying Morse’s theory of elastic

scattering, and can be written in the form,

do, 4y°Z 1
=732 1 1- 212 3-9
dQ  ayq [1+(gr)°]

-1
ro is a screening radius and equal to a,Z % for the Thomas-Fermi model.

The magnitude g of the scattering vector is given approximately by the expression

g’ =k2(6*+6)) 3-10
where,
k,=2r/A=ymyv/h isthe magnitude of the incident electron wave vector

6. = E /(ym,v*) is a “ characteristic angle” corresponding to the mean energy loss E
E ym, g gy

The first term (4y°Z /ajq") is simply the Rutherford cross section for scattering by the

atomic nucleus, the remaining term within the square brackets in Equation 3-9 is described as
an inelastic form factor.

Equations (3-9) and (3-10) combined give an expression for the angular dependence,

7

dQ  aik! (0*+6?2)

do, 4y°Z 1 _|: 4 0; & :|—2

where,

6, = (k,r,)™" as in the elastic scattering model.
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A more precise description of inelastic scattering by electron as given by Bethe follows.

3.3. Dielectric formulation

Bethe theory is useful in describing the inelastic scattering taking place inside a solid,
particularly from inner atomic shells. However the wave functions are modified for outer shell
scattering by added dimensions concerning chemical bonding. For the outer shell electrons a
different approach where the interaction is explained in term of the dielectric response function
€ (g, w) is useful.

Ritchie derived an expression for the electron scattering power of an infinite medium. The

—ed(r—vt)

transmitted electron represented as a point charge which generates a spatially

and, time dependent electrostatic potential ¢(r.1) satisfying Poisson’s equation,

£,6(q,0)Vg(r,t) = ed(r,1) 312

Using Fourier transform, the stopping power (dE/dz) which is equal to the force on the electron

in the direction of motion is represented as,

dg do 3-13

y

dE _ 2h* quwhn[—lls(q,a))]
g, +(@/v)’

dz  maym,V’
The imaginary part of /-1/¢ (g, @] is known as the energy loss function and provides a

complete description of an electron traveling through the medium. The stopping power can be

related to the double differential cross section for inelastic scattering by,

2
il@:_Un,,E—dﬁ’—dQ dE 3-14
dz dQ dE
where,

n, represents the number of atoms per unit volume of medium, by writing dg, = ko0 and dQ2 =

276 db, Equation (3-13) and (3-14) give,
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d’c _Im[-1/g(q.E)], 1 )
dQdE  r*amy’n, 6’ +0,

0, = E [(ymyv*)

contains the same Lorentzian angular dependence and the same v factor as
the corresponding Bethe equation, and comparing these two equations indicates that dielectric
theory is equivalent to the Bethe theory if,

df 2E
Y (q,E)=-"2Tm[-1/&(q, E 3-16
£ ) - m[-1/&(q, E)]

where,

2 _ 32 2
E, =hne l&m) is the plasmon energy corresponding to one free electron per atom.

EEL spectra are acquired over a small collection angle, and since (g, E) varies little with ¢, it
can be replaced with the optical relative permittivity of the specimen ¢(0, E), at an angular
frequency, @ = E/h. The EEL spectra can then be directly compared to the optical data, after
applying Kramer’s-Kronig transformation to obtain Re/l/e(0, E)], as explained in the

experimental section.

3.4. Single scattering of electrons

The probability of an electron undergoing inelastic scattering in a thin specimen is low and the
joint probability of more than one such event is negligible. Hence the energy loss spectrum
corresponds to a single scattering distribution (SSD).

However there is a finite probability of a fast electron being inelastically scattered more than
once in a thick specimen. This probability of n collisions through a sample of thickness ¢ can

be written following Poisson s distribution.

P, =(1/n")ym" exp(—m) 3-17
where m is the mean number of collisions within the specimen and can be written as #/A where

A is the mean free path.
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1 n A\ 4 A

Assumptions have to be made such as; all scattering events have been recorded and the

specimen is of uniform thickness. However spectrometer systems only accept electrons that
have been scattered through an angle with a value less than p.

Multiple scattering occur in samples when the thickness of the sample is more than #/4 = 10,
resulting in a broad peak at an energy loss of a few hundred eV, known as the Landau
distribution. Before analysis of energy loss spectra it is important to remove plural scattering.
Standard techniques to obtain the single scattered distribution (SSD) are explained in the

experimental section.

3.5. X-ray and EDX Analysis

Throughout this research an EDX microanalysis system was used for collection and analysis of
X-ray spectra. In this section there is brief discussion of the operation of EDX detectors and
processing techniques. This section has been divided into three parts:

1] Theory of X-ray generation and measurement

2] Theory of qualitative and quantitative microanalysis

3] Practical steps involved in qualitative and quantitative analysis

3.5.1. X-ray generation and measurement

When a fast moving electron passes through a specimen it may be scattered elastically,
inelastically or not at all. The energy lost by the transmitted electron depends upon the type of
interactions it has undergone"*!). Inelastic scattering may be divided into three categories:

1] Brems-strahlung

2] Ionization of inner shells

3] Plasmon excitation
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When a fast electron enters a sample it can interact directly with an electron in an atom, losing

some of its energy or it may be attracted towards the nucleus which may lead to a change in its

direction. When an electron gets close to the positive nucleus it will be attracted as electrons

are negatively charged particles. This leads to a change in their direction involving acceleration
while approaching the positive core and deceleration while moving away from it.

During the acceleration and deceleration the electron radiates its energy which is emitted as

Brems-strahlung [breaking radiation]. We can see this type of radiation in our EDX spectrum

as the continuum background known as white radiation. Figure 4-4 shows an schematic,

showing Brems-strahlung radiation.

Incident electron

Brems-strahlung
radiation

Inelastically
scattered electron

Figure 3- 3: Schematic representation of an electron interacting inelastically with the positive
nucleus® 4,
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3.5.1.1. Ionization of inner-shell electron
When a fast moving electron enters a specimen and interacts with an electron from the inner
shell of an atom, it may lose some of its energy to the bound electron, thereby ejecting that
electron from its shell and creating a hole in place of that electron. The gap or hole is filled by
a further electron from an outer shell which releases an X-ray whose energy can be given by
the difference in energy of the electron orbitals involved. Figure 4-5 shows a schematic of X-

ray generation.

Incident electron

®

Characteristic X-ray

@ Secondary
electron

Inelastically
scattered electron

[144]

Figure 3- 4: Schematic of X-ray generation

A nomenclature has been developed to indicate the source of X-rays depending upon the
electron orbital involved. For example the Ka x-ray results from a K-shell electron being
ejected and an L-shell electron moving into its position. A KB X —ray occurs when an electron
jumps from an M-shell into the K shell. The KB X-rays will always have higher energy than

Ko X-rays. Similarly La X-rays result from an electron from M-shell moving into L-shell to
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fill a vacancy there. The presence of an LB X-ray means an electron from N-shell is allowed to
fill a vacancy in the L-shell. Figure 4-6 below shows the schematic of nomenclature used to

denote the X-ray.

K lines

L lines

M lines

Figure 3- 5: Schematic of nomenclature developed to indicate the source of X-ray!"*,

As the electron orbital structure is much more complex than shown in the diagram, there are
actually many more L lines which can be present. M X-rays if present will always have
energies lower than L or K series.

As all the electrons from a given shell do not posses exactly the same energy, there is specific
variation within o and P radiation. For example Ka X-ray radiation comprises of Kal and Ko2
X-rays. These are very close together in energy and hence they are unresolved in most EDS

systems and appear as a single Ko peak in the spectrum*".
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The X-rays produced are detected by an energy dispersive system (EDS). The EDS system
consists of three main parts, namely the energy dispersive detector, the processing electronics,
and a multi channel analyzer (MCA) display. A computer controls all three parts, First it
controls whether the detector is on or off. Ideally we only want to process one incoming X-ray
at a time, so the detector is switched of when an X-ray signal is detected. The effective time for
which the detector is switched off is called dead time. The detector is protected by a collimator
that ensures the X-rays generated from surrounding parts of the STEM or TEM column cannot
reach the detector. The X-ray detector is normally separated from the specimen by a window
which is transparent to X-rays above 0.3 KeV while it also separates the column/detector
vacuums.

The detector is a reverse-biased p-i-n diode which consists of lithium doped silicon [Si (Li)]
coated in front with a thin layer of gold. The X-rays produce charge pulses in the silicon. The
charge is proportional to the absorbed energy of the X-ray.

When an X-ray interacts with a semiconductor the primary method of energy deposition is the
transfer of electron from a valance band to the conduction band creating an electron-hole pair.
A high energy electron loses energy in silicon (Si) in a similar way as described, generating
electron/hole pairs until it has been totally absorbed or it escapes.

The energy required for a transfer of an electron from the valance band to the conduction band
in silicon is approximately 3.8 eV at liquid nitrogen operating temperature. Since X-rays of
interest have energy > 0.5 keV. Thousands of electron hole pairs can be generated by a single
X-ray. The charge is amplified and measured in a pulse height analyzer (PHA) and posted on
to a digital multichannel analyzer. Because the quantity of charge is a small fraction of the
charged pulse, the PHA gives a good statistical measurement of each pulse and a spectrum
with typically 150 eV resolution is attainable resulting in a very useful spectrum.

Secondly the computer controls the processing electronics to balance pulse integration time

against count rate. It is also an integral part of the MCA.
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Finally the computer software governs both the calibration of the spectrum readout on the
MCA screen and adds alpha-numeric’s which record the condition under which the spectrum

was acquired.
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4.1. Cyclic Oxidation of FeCrAIRE (M11) and Kanthal Al
The oxidation behaviour of two different alloys has been examined. A Model alloy with
controlled reactive element additives and a commercial alloy, Kanthal Al, were used in this
study of the oxidation growth rate and their composition is listed in Table 4-1. Rectangular test
pieces of size 17 x 12 x 1.5mm were polished to 1200 grit finish, removing the top oxide layer
and any damaged layers from as received samples. The samples were then degreased by
ultrasonic cleaning in analar-isopropanol. The initial weight of the samples was recorded
using a micro balance. The weight of the crucible, silica rod and sample is given as total
weight (Wy). The weight of the crucible and silica rod is given as (W(¢) and hence the weight of

the sample was calculated by subtracting Wr from W, and represented as Wy.

Elements (Wt%), Balance = Fe

Alloy Cr Al Si Mn Zr C Y Hf Ti
Kanthal A1l 222 5.66 0.26 | 0.13 | 0.083 | 0.022 - - 0.016
Ml11 19.55 | 4.85 - - 0.032 | 0.0131 } 0.033 | 0.030 -

Table 4- 1: Elemental composition of Kanthal A1 and M11.

Figure 4-1 shows a schematic diagram of the horizontal furnace used for cyclic oxidation of
the samples. Short-dwell-time cyclic oxidation tests were performed in the laboratory
atmosphere at 1250°C; the hot-dwell time was 1 hour followed by 15 minutes cold-dwell time.
Cooling was performed in air. The weight gain behavior of the alloys was monitored by
removing and weighing the samples every 7 or 14 cycles in a microbalance with an
experimental error of + 0.2mg. Figure 4-2 shows schematic of the technique used to measure

the weight of the samples.
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Silica boat with 4
samples to be
oxidized
Furnace Tube

| Operating Temperature: 1250°

Figure 4- 1: Schematic of horizontal furnace used in the cyclic oxidation of FeCrAIRE (M11) and

Kanthal Al.
Silica Rod ilica Rod
B Sample
+— Silica
\-/ Crucible p

Figure 4- 2: Schematic of the method used to measure the weight of the samples.
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4.2. Sample preparation for the TEM, STEM and SuperSTEM

The model alloy used throughout the experiment was designated M9 and supplied by Jean Le

Coze, Ecoles des Mines, France

Elements (Wt%), Balance = Fe

Alloy Cr Al Si Mn Zx C Y Hf Ti

M9 19.53 | 4.85 - - - 0.0115 | 0.033 | 0.031 -

Table 4- 2: Composition of Model alloy M9.

Samples were supplied as rectangular pieces of size 17 x 12 x 1.5 mm. The samples were
surface ground on 1200 grit, to remove the surface oxide layer. The ground samples were then
polished using 6 and 1 micron cloth to achieve a one micron finish and then degreased by
ultrasonic cleaning in isopropanol. After finishing the ultrasonic cleaning, the samples were
oxidized for 100 hours at 1250 degree centigrade in a horizontal furnace. The oxidation was
carried out under laboratory air. The oxidized samples were taken out from the furnace and left
to cool down under ambient conditions. After cooling, the oxide layer from one of the sides
was removed by grinding and polishing on the 1200 grit so that the metal surface was exposed.
The other side of the sample was covered with wax to prevent the oxide from falling off the
substrate by holding them together. The exposed metal surface was etched away using ferritic
stainless steel etch. Ferritic stainless steel etch is an etchant which has a composition of 43 %
HCI, 14 % HNO:; and the balance is distilled water. Once the metal was etched away, the oxide
with wax on one side floated to the surface and could easily be picked up using a pair of
tweezers. The wax was then dissolved in acetone and the remaining oxide, which floated on
the top of bath, was picked up and rinsed in distilled water and ethanol two or three times and

then picked up on a copper TEM grid. The oxide was glued to the grid using a small amount of
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epoxy to hold it in place. The oxide with copper grid was thinned using a precision ion
polishing system (PIPS) with 5 kV argon (Ar) ions at an angle of 5 degrees. The sample was
thinned until electron transparent. The whole process of sample preparation is shown
schematically in Figure 4-3 given below. The oxide scales where then examined using a JEOL
FX 2000 TEM operated at 200 kV, a VG 601 U X Scanning Transmission Electron

Microscope (STEM) which operated at 100 kV and an aberration corrected SuperSTEM.
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all the metal has been etched grid and thinned using PIPS

away

Figure 4- 3: Schematic of sample preparation steps.
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4.3. Transmission Electron Microscope (TEM)
A JEOL 2000FX Transmission Electron Microscope operating at 200 kV was used throughout
the experiment to conduct the initial study of the samples prepared by ion milling. In the
operation mode the first two condenser lenses C1 and C2 were adjusted so as to illuminate the
specimen with a parallel beam of electrons typically at 20 K — 45 K magnifications. Before
starting the analysis, the microscope was aligned following the standard steps laid down by
manufacturer. The TEM was fitted with an EDX detector for element analysis which could be
carried out on regions of interest. It was possible to record a transmission micrograph using the

camera located below the phosphor viewing screen.

4.3.1. Electron diffraction
Electron diffraction patterns were recorded from the oxide grains found in the region of
interest. The recorded patterns were indexed to examine the orientation relationship between

the adjacent grains.

4.3.2. TEM and EDX

Initial EDX chemical analysis was carried on the particles using a small spot size of

approximately 200 Angstroms at high magnification of about 200 to 300 K.

Page | 56



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys
Experimental procedure

4.4. Scanning Transmission Electron Microscope (STEM)
The STEM Microscope used for the experimental work was a VG HB601 UX which used a
100 kV convergent beam with approximately 1 nA current and 8-10 Angstrom diameter spot at
the specimen.
In this microscope the electron source was a cold field emission gun (FEG), resulting in low
energy spread in the electron probe, < 0.5 eV per channel.
The microscope was also fitted with an EDX detector and EELS spectrometer. The grain
boundary analysis was done using the EDX detector. Line scans across grain boundaries were
collected and quantified using the Cliff-Lorimer equation, which is explained in detail in the
following section. Elemental maps where recorded from grain boundaries and regions having
particles rich in reactive elements. For statistical quantitative analysis, X-ray spectra were

collected from rectangular regions having dimensions 10 x 10 nm.
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4.5. Qualitative and quantitative microanalysis

The most important step in qualitative analysis is to acquire a spectrum over the desired X-ray
energy range. However as the STEM has a much higher accelerating voltage compared to the
SEM, it is possible to generate and detect higher energy X-rays. An X-ray spectrum should be
collected for several hundred seconds to ascertain that all the characteristic peaks are present in
the range of 0-40 keV. Once this is ascertained the energy range may be reduced if the
elements to be studied are clearly distinguished in this energy range, thereby improving the
resolution of the MCA display by lowering the number of eV per channel. For good qualitative
analysis the X-ray spectrum collected should be displayed with no more than 10 eV per
channel resolution on the MCA and a display range of 0-20 keV.

Dead time should be noted while acquiring the original spectrum to make sure that the
combination of probe current and specimen thickness do not overload the detector electronics.
Dead time should be kept below 50% and an output count rate of several thousand per second
maintained.

Once a good low noise spectrum has been recorded over a suitable energy range, a well
defined sequence of steps needs to be followed to identify each peak in the spectrum and
disregard those peaks which are statistically insignificant or are due to Si escape or peak
combination. The microanalysis system can be used to run an automatic identification to assign
different peaks in the spectrum assuming the PHA is well calibrated which is usually done
before recording the spectrum. This may well be adequate for identification, if the spectrum is
simple, containing few well separated peaks. However if the X-ray spectrum contains multiple
peaks and there is an overlap of peaks, then use of this technique might lead to
misidentification of some peaks. Under these circumstances a well established manual
sequence has been developed for analysis of spectra. The analysis is started with identification

of the most intense peak and working down its family and in the next step the second most
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intense peak is analyzed, excluding the previous family of peaks. These steps are repeated until

all peaks are identified bearing in mind the peak combinations.

4.5.1. Quantitative analysis
The essential steps required for quantification of X-ray spectra were proposed by Castaing in
1951and still form the basis of quantification. According to Castaing the intensity of the X-

rays is proportional to the concentration of the element in the specimen generating X-rays''*>

146]‘

The procedure that Castaing proposed forms the basis of the most of the quantification routines
used today. Castaing assumed that the concentration C; of an element i in the specimen
generates a certain intensity of characteristics X-rays. In practice it was difficult to measure
this generated intensity, so Castaing suggested that a known standard composition Cg; be
chosen for that element i and then the intensity ratio I/l; be measured, where I; is the
measured intensity emerging from the specimen and I; is the measured intensity emerging

from the standard. A reasonable approximation was proposed by Castaing,

o+

-1

C,/C,=K1,/I,

where K is a sensitivity factor that takes into the account the difference between the generated
and measured X-ray intensities from both the standard and the specimen and comes from three
factors:

> Z The atomic number

> A The absorption of X-rays within the specimen

» F The fluorescence of X-rays within the specimen

The correction procedure is referred as ZAF correction
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4.5.2. Line Scan
The digital line scan software instructs the microscope to scan a line anywhere on an image
and collect an element profile. The profiles recorded are displayed as an excel worksheet,
which may be further quantified using the Cliff-Lorimer method. The line scan can be
collected along a line starting anywhere and moving in any direction, but during most of the
current analysis, care was taken to draw the line perpendicular to grain boundaries to be
profiled.
Figure 4-4 shows an schematic of a Line Scan process which takes in the EDAX software and

the region from which the signal is collected for a definite time fed by the user.

1 2 3 5

e

--------------------------------------------

No. Of counts

X-ray signal from each spot on the line scan

Figure 4- 4: Schematic of an Line Scan process.
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Figure 4-5 below shows a BF image and the line scan position across a grain boundary. The
line profile is for hafnium (Hf) distribution at grains separated by a vertical grain boundary.

Figure 4- 5: BF image of alumina grains separated by a grain boundary and Hf line scan through
the grain boundary.

4.5.3. Cliff-Lorimer method

The most common method used to quantify a line scan is the ratio or Cliff-Lorimer method.
The weight percent of each element C, and Cp can be related to the measured intensities by the
Cliff-Lorimer equation. This method is based on comparing the intensity ratio of one of the
elements with intensities of the other elements in the sample!"“* '*".

One of the assumptions made in this, is that the specimen is thin enough so that we can ignore
any absorption or fluorescence. This assumption is known as the thin-foil criterion.

Page | 61



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys
Experimental procedure

The basic equation for binary alloy can be written as:

TR o

Cy 1,

The term K,p is known as the Cliff-Lorimer factor, and as the effect of absorption and
fluorescence is ignored, K, is only related to the atomic number correction factor Z. So the
only quantity to be determined is K, the relative efficiency value for all the element couples
present in the sample. To obtain the absolute value for C, and Cg a second equation is required

and is assumed that A and B constitute 100% of the specimen.

C,+Cy =100% 4-3
The above equation can be extended to higher order systems, as for the case of three elements,

the equation can be written as,

_(j_B = KB(‘ ® i 4 -4
Ce g
and C, +C, +C.=100% 4-5
K factors for different pairs can be related by,
K,.
K, =—* 4-6
Ky

There are a number of ways in which this quantity can be determined. We can use the default
values EDAX has inserted in its proprietary program. These values were measured some time
ago by an EDAX user at 200 kV accelerating voltage. As these values were recorded on 200
kV machine and the STEM operates at 100 kV, these values used may lead to some error in the
quantified data.

Secondly we could calculate the Kap from first principles. The basic equation for intensity

generated in the specimen can be calculated as:
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@, ® ®
IA=constoM40CA0t 4-7

A
where, o is the fluorescence yield
Py, is the fraction of the total K, L or M line that is measured
Q is the ionization cross-section
A is the atomic weight
and, t is the specimen thickness

Since we do not know the exact value of the specimen thickness, we take the ratio:

0,070 o o,
A

const e
Iy _ 4 4 -8
IB const.w_._&.cli.t
B
The above equation can be re written without thickness term as:
@y oP 00,0 4, .I_A 4-9

Ci_
Cy, a,oP,*0,.4;, Iy
As we measure the intensity in a detector surrounded by several layers of polymer, aluminum,

metal contact layer and silicon dead layer, the efficiency is reduced and is dependent on X-ray

energy. The dependence could be shown as:

=geo] 4-10

generated

§

det ector

And hence the final equation could be written as:

Cy _ 9 *Pxe0s* 4, & g5l 4
Cy, o,0P,0,4;, &,
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4.6. Standardless analysis

EDAX software uses a unique procedure called SEC method to do standardless analysis. In

this method the intensities of reference materials are calculated from first principles "7,

The composition can be calculated from the measured intensities of X-rays using:

Meas

W% =ZeAeFe 4-12

Std

where Z, A and F are the matrix correction parameters describing the Atomic number effect

(Stopping power and backscattered effect), the absorption effect and the fluorescence effect.

™2 and 1% are the measured and standard X-rays intensities of the element involved when I*

= T100%.

Since for standardless analysis no standard intensities are available. EDAX calculates the

standard intensity using the following equation:

4-13

Ny 5 0,(E)
A4 dE/d(ps)

Sts _ Q
1 Cotcutates =N €49, P jlf (%)
4 -
0

where n is the number of electrons entering the sample
since n is unknown and is usually set to unity. The calculated intensity might be of different
order of magnitude as the measured intensity. Normalising the weight percent to 100% solves

this problem.

This function has been shown to work very accurately for analysis using K-lines.
The disadvantage of this technique is that detector efficiency cannot be predicted with
sufficient accuracy for X-ray lines below lkeV. Hence EDAX has introduced SEC factor

(standardless element coefficient factor)
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The first equation becomes:

Meas

Wh=zeders oo™ =
-

Software calculates SEC factor. When an element is chosen an SEC factor of 1 is allotted. The

SEC factors for other elements are calculated and scaled relative to it.

4.7. Elemental Map

The EDAX software package allows us to collect multiple X-ray maps combined with
simultaneous intake of an electron image from the same area. The BF detector is used to record
the BF electron image. The maps can be collected by selecting suitable dwell time which

would give the desired signal to noise ratio. The maps can be stored in digital form.

4.8. SuperSTEM

The base microscope used in the construction of the SuperSTEM is a VG HB 501 FEG STEM.
The SuperSTEM microscope at the Daresbury Laboratory offers considerable potential for
detailed study of the segregation to oxide grain boundaries at the atomic level. This
microscope has a spherical aberration corrector fitted to the objective lens, allowing the
formation of a sub-Angstrom probe for simultaneous ultra-high resolution high angle annular
dark field (HAADF) imaging and atomic-column electron energy loss spectroscopy (EELS).
The Cs corrector basically consists of Quadrupole and Octupole lenses which are executed by
computer controlled currents. The SuperSTEM operates at 100 kV and therefore requires a
thinner sample than the 2000 FX. The current density at the specimen is about 0.1 nA ina 1.0
A° beam which is equivalent to~1X 10° A/cm®.

HAADF lattice imaging was carried out to see high Z segregants at the grain boundary as the

intensity in HAADF image can be directly related to Z. EEL spectra recorded have very small
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spectral features to identify the elements present at grain boundaries; both techniques are

explained briefly in the next section. Figure 4-6 shows an schematic of SuperSTEM.
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EELS spectrometer with 80°
magnetic prism and quadrupole-
sextupole optics

Ronchigram camera, bright and
dark field detector

Quadrupole transfer system

High-Angle Annular Dark Field
(HAADF) detector

Obiective lens and specimen stage

Scanning coils

Quadrupole - Octupole Cs corrector

2 stage condenser system

Field emission electron gun with
magnetic gun lens

Figure 4- 6: Schematic of SuperSTEM showing the lenses, correctors and detectors in the
microscope.
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4.9. Lattice imaging and Scanning Transmission Electron Microscope
Atomic resolution high angle annular dark field (HAADF) Scanning Transmission Electron
Microscopy (STEM) is a relatively recent technique which has been used to characterize the
structures of grain boundaries and precipitates as well as perfect crystals. The image
characteristics in STEM and conventional TEM are frequently related by the reciprocity
principle. The Bright Field (BF) image from STEM using an on axis detector is similar to BF
TEM image, of the same aperture angle according to the reciprocity rule. However the
intensity in HAADF when a large solid angle, off-axis detector is used is directly proportional
to the atomic number of the elements present. As can be seen in Figure 4-7 the HAADF image
shows bright spots at grain boundaries and these could be due to the presence of heavier

elements such as Y, Hf etc. at the grain boundaries.
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Figure 4- 7: HAADF image showing a grain boundary with bright spots which could be due to
heavier elements present at those sites.

4.10. Electron energy loss spectroscopy

During this project, grain boundary analysis at higher spatial resolution was attempted with
SuperSTEM using electron energy loss spectroscopy. In an electron energy loss (EEL)
spectrometer the primary process of X-ray excitation which results from a fast moving electron
beam losing a characteristic amount of energy is monitored. The beam of transmitted electrons
is directed into a high resolution electron spectrometer which disperses the electrons according
to their kinetic energy and the spectrum is obtained by detecting the dispersed spectrum on a
multi channel analyzer. The EEL spectrometer used had a magnetic prism with 80 degree

bending angle. The detector was interfaced with the post specimen detector chamber of the
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SuperSTEM. The detector was a scintillator charge coupled device (CCD) detector which was

25-30 times more sensitive than the typical detectors.

4.10.1. The magnetic prism

The schematic diagram below (Figure 4-8) shows the Gatan spectrometer which is installed
beneath the camera system and above the HAADF detector in SuperSTEM.

From the schematic we can see that the electrons are selected by a variable entrance aperture.
They travel along a drift tube and are deflected through 80° by the magnetic field of the
dispersion prism. Electrons with greater energy loss, i.e. lower kinetic energy, are deflected
further than those suffering lower energy losses. Figure 4-8 shows a schematic of the magnetic
prism, the electrons suffering higher energy loss are shown by the gray full line and the
transmitted electron suffering zero energy loss are shown by a black full line. A spectrum is
thus formed in the dispersion plane which is detected as a distribution of electron counts or
intensity () vs. energy loss (E).

In a magnetic prism spectrometer the electrons travelling with a speed V in the Z-direction are
directed between the poles of the electromagnet which has a magnetic field (B) in the Y-
direction, perpendicular to the incident electron. The transmitted electrons travel in a circular

orbit in the magnetic prism, whose radius of curvature is given by

R = (ym,/ eB)v 4-15

where, ¥ = 1/(1-v*/ cz)}é is the relativistic mass factor and m, is the rest mass of the

electron.
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Figure 4- 8: Schematic of an spectrometer used in STEM!*#!

4.10.2. The collection angle (B)

The collection semi angle of the spectrometer B is the most important parameter in determining
the resolution of EELS. The collection angle used in SuperSTEM is 19 radians and is given
by[143]

B=d/2h 4-16

Where, d is diameter of the spectrometer entrance aperture and h the distance from the
specimen to the aperture as shown by the schematic in Figure 4-9.
However the calculation of collection angle for SuperSTEM is not straight forward as it has

post specimen lenses. Hence the value of B in STEM diffraction mode is determined by the
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effective diameter of the spectrometer entrance aperture (des), projected into the plane of

diffraction pattern.

To EELS

I

d
(ooiol.o.)

Entrance aperture

o -

b o i ey e e

l Specimen

Incident beam

Figure 4- 9: Schematic diagram showing the collection angle calculation in STEM assuming no
lenses between specimen and spectrometer.

4.11. Energy Loss Spectrum

Energy loss spectroscopy implies that we are mainly interested in inelastically scattered
electrons but the spectrum also contains electrons which are elastically scattered and those
which are not scattered. Figure 4-10 shows a typical electron spectrum; it can be divided into
three main regions, which will be described in the sections to follow

1) Zero Loss Peak

2) The Low Loss Region

3) The High Loss Region
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Figure 4- 10: An EELS spectrum recorded at 100 keV in SuperSTEM. The spectrum shows
different energy loss regions.

4.11.1. Zero Loss Peak

The zero loss peak mainly consists of the electrons that have retained their energy and these
electrons are forward scattered in a relatively narrow cone within a few milli radians of the
optic axis and would mainly be found in the 000 spot in the diffraction pattern. The zero loss
peak also contains electrons which have lost small quantities of energy which cannot be
resolved by the spectrometer, together with unscattered electrons.

The zero loss peak is so intense that sometimes it causes saturation of the spectrometer
detectors and hence sometimes it is useful to collect a spectrum without including a zero loss
peak. It can be seen that in the above spectrum, to the right there is a series of small peaks

which is where we start to get useful information.
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4.11.2. The Low Loss Spectrum
The low loss spectrum or low loss region describes the electron energy loss up to 0 — 50 eV.
These low loss electrons have excited plasmon oscillations or have generated inter or intra

band transitions.

4.11.2.1. Plasmons

Plasmons can be thought of as longitudinal wave like oscillations of weakly bound electrons.
The valence electrons in a solid can be thought of as a set of coupled oscillators which interact
with each other and oscillate when excited by the transmitted electron pulse from the passing
electrons. The oscillations are rapidly damped and have a very short life time of 10" s. The
plasmon loss is the second most intense feature of EEL spectra after the Zero loss peak.

The energy Ep lost by the electron when exciting a plasmon of frequency @ is given by'*:

h h ne’ y
E,=—o,=—(—)"
P’ Zﬂ(aom)

4-17

where, % is Plank’s constant
e and m are the electron charge and mass of the electron
& is the permittivity of free space
n is free electron density

The value of plasmon loss energy Ep is found to be in the range of 0-25 eV.

4.11.2.2. Inter- and Intra-Band Transitions

An electron in the beam may transfer sufficient energy so that a core electron can change its
orbital state; this would result in energy losses up to 25eV, but multiple losses can also occur.
Interaction with the molecular orbital such as a z orbital would produce characteristic peaks in
the low loss region of the spectrum. The intensity of these characteristics peaks could be used

to identify the elements present in the specimen.
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4.11.3. The High Loss Spectrum
The high loss spectrum consists of electrons which have lost energy greater than 50 eV. These
are the electrons which have undergone inelastic scattering with the inner or core shells of an

atom. The relaxation of these events produces the X-rays detected by EDX.

4.11.3.1. Inner Shell Ionization

When an incident electron transfers sufficient energy to an electron in the K, L, M or N shells,
so that this electron moves to higher orbital away from the attractive force of the nucleus, the
atom is said to be ionized. As stated in a previous section, the decay of an ionized atom back to
ground state results in an X-ray. So EELS and EDX are analogous techniques as they are
different aspects of the same phenomenon. However, EDX collects a low intensity signal
which, particularly in STEM, sits on a very low background, thus giving clearly interpretable
spectra. EELS, on the other hand, collect a very high proportion of the loss events, but they sit

on a high background. Interpretation therefore requires lot of computation.
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Inelastically scattered electron
to EEL spectrometer

Figure 4- 11: Schematic showing process of inelastic scattering.

The above Figure 4-11 shows a schematic of inelastic scattering. The nomenclature used for an
EELS edge is similar to that of X-rays. As we had K, L, M and N peaks in the EDX spectrum,
so we have ionization edges from K, L, M, N etc. shell electrons. The greater energy resolution
of the EELS spectrometer makes it easier to detect edges arising from different energy states in

the shell.

4.12. Quantitative Microanalysis
The EELS data were processed to emphasize the edges by removing plural scattering

background as follows:
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4.12.1. Background Subtraction
The background intensity arises from plural scattering events which are usually associated with
outer shell interactions. The background appears in the spectrum as a rapidly changing
continuum which decreases from a maximum just after the plasmon peak at 15-20 eV to a
minimum of 0 eV which is indistinguishable from the instrument noise typically at a few
hundred eV. Figure 4-12 is a part of an EEL spectra, showing a background fitted to it and

background subtracted signal appearing after = 27 eV.
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Figure 4- 12: An EEL spectrum showing background subtracted. As can be seen the background
decreases from a maximum to a minimum.

4.12.2. Removal of Plural Scattering from the Low Loss Region
Plural scattering adds to the intensity of an ionization edge which is mainly due to the
combined result of inner and outer shell losses. The aim of deconvolution is to extract the
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single scattering distribution SSD. There are two ways of obtaining SSD from an EEL
spectrum. The two methods are The Fourier-Log method and the Fourier-Ratio method. Both
these methods are incorporated in Gatan EELS software. The Fourier-Log method is explained

briefly in following section.

4.12.2.1. The Fourier-Log Method

This method removes the effect of plural scattering from the whole of the spectrum. This
technique describes the spectrum in terms of the sum of individual scattering components, i.e.
the sum of zero-loss (elastic component), single scattering, double scattering, etc. First each of
these terms is convoluted with the instrument response function i.e. its energy resolution
function of the spectrometer. For PEELS the instrument response function is defined as a point
spread function.

The Fourier transform of whole spectrum is given by the equation:

F= F(O)exp(@) 4-18
0

Where, F (0) is the transform of the elastic contributions

F (1) is the transform of the single scattering
and 1 (0) is the zero loss intensity
Hence to get the single scattering transform the logarithm of both sides is taken. Extracting the
single scattering spectrum involves an inverse transformation of F (1) which results in too
much noise in the spectrum. The noise can be removed by subtracting the background in the
usual way.
Figure 4-13 shows an EEL spectra recorded from an RE-rich particle showing multiple peaks
and Figure 4-14 is the corresponding deconvoluted spectra using Fourier-Log method. The

intensity of the deconvoluted spectra has decreased by a factor of 10.
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Figure 4- 13: As recorded EELS spectrum from a RE-rich particle showing zero loss and multiple
plasmon peaks.
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Figure 4- 14: Deconvoluted EELS spectrum from a RE-rich particle, as can be seen no zero loss
present and plasmon intensity increased.
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4.12.3. Kramers-Kronig Analysis
Kramers-Kronig Analysis was carried on the recorded EEL spectra which gives the energy
dependence of the real and imaginary parts. This energy dependence can be calculated from
the single scattered distribution data of the energy loss spectrum.
Single scattering distribution is related to the complex permittivity or dielectric constant € of

the specimen by!"*”

21,1

J‘(E)zS(E):mm Im[-1/£(E)] j 02 4-19
= A —Im[-1/&(E))Ln[l +(B/6,)’] 4-20
ma,myv’

Where, I is the zero-loss intensity, t the specimen thickness, v the incident electron velocity, B
is collection semi angle, and 8, = E/(j/movz) the characteristic scattering angle for energy
loss.

The function Re[1/e(E)] can be derived from Im[-1/¢(E)] by Kramers-Kronig transformation.

=12 fim 4-21

Re[ = =
(E) E“-FE

e(E)
Where, P denotes the Cauchy principal part of the integral.
The Johnson method is used by Gatan software to carry out the Kramers-Kronig
transformation. This is accomplished by taking the sine transform of Im[-1/g(E)] followed

by an inverse cosine transform. This technique is quite fast as it uses a Fast-Fourier algorithm.
Several parameters are required by Gatan software before the calculation can be completed.
The incident beam energy E,, 100 KeV; the convergence semi angle a, 24 mrad (which is
defined by the objective aperture); the collection semi angle B, 19 mrad (which is defined by
the collector aperture) and the refractive index for visible light n, 1.6.

After computing the dielectric function is obtained from!'*’],
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Re[l/e(E)]+ilm[-1/&(E)]
{Re[l/ £(E)]} +{Im[-1/&(E)]}

g(E) =¢g(E)+ig,(E) = 4-22

Separate functions ¢;(E) and &,(E) can be obtained by equating the real and imaginary parts of

the above equation.

4.12.3.1. Epsilon 1 (&)
¢, is the real part of the dielectric function and represents the dispersive element of the

transition. The real part is derived from the equation,

1 £,(E")
E)y=—P| 2"=dE 4-23
&(B) V4 f"’E'—E

4.12.3.2. Epsilon 2 (&)
E, is the imaginary part of the dielectric function and represents the absorption energy by

optical transmission. The imaginary part is derived from the equation,

81(E)

HSN

24

&,(E) =—P L

4.12.3.3. Effective number of electrons

The output from Gatan digital micrograph also contains an effective number of electrons, neg
which can be calculated from imaginary part of the dielectric function. The output is in units of

electrons per nm’.

Zgom0

ny(&;) = f E'c,(E"dE' 4-25

Where, ¢, is permittivity of free space, m, is rest mass of electron, % is plank’s constant and e is

electronic charge.
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4.12.3.4. Absolute sample thickness

An iterative computation of thickness can be calculate from Kramers-Kronig sum rule, which

is given by

4 -26

__4a,FE, ‘] S(E)dE
I(1-n) Eln(1+ p*/6;
0 E

0
where, a, is Bhors radius, F is relativistic factor, E, is the beam energy, I, the zero loss
intensity, » the refractive index for visible light , S(E) the single scattered distribution, £ the
effective collection angle and 8 the characteristic scattering angle.

4.12.3.5. Optical absorption coefficient

The optical absorption coefficient can also be calculated from the dielectric function.

1 1

E = R
HU(E) = ;;[2(83 +£7)? —2¢]?

-

-27

where c is the speed of light in vacuum.

4.13. Multislice simulation

The procedure for the STEM image simulation is based on the multislice algorithm, which
requires a relatively large super cell of about 40 by 40 angstrom. Since this is required to
sample the real and reciprocal spaces with sufficient accuracy, it cannot be reduced even when
simulating the STEM image for a sample with a smaller unit cell. For simulation of alumina

the unit cell was repeated 10 by 10 times.

The steps involved in multislice simulation are described below, a detailed description can be
found in the book by E.J.Kirkland™*".
Dividing the specimen into thin slices, each slice must be thin enough to be a weak

phase object and is in a plane perpendicular to the optic axis of the electron microscope and is
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typically one atomic layer of the specimen. The optic axis of the electron microscope is in
positive z direction. All the atoms within z + Az are compressed into a single slice at z.
The projected atomic potential and transmission function are calculated for each of the

slices.

Incident electron Incident electron Incident electron
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A) Thick specimen B) slices ¢) Transmit and propagate

Figure 4- 15: Schematic representation of multislice procedure.

At each probe position, a probe wave function is calculated.

The probe wave function is recursively transmitted and propagated through each slice
until the wave function has traversed all the way through the specimen.

A Fourier transform of the transmitted wave function is then taken to get the wave
function in the far field diffraction plane.

Integrating the intensity of the wave function in the diffraction plane for those signals
falling on the detector gives the signal for one pixel in the image. This is repeated for all the

pixels.
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5.1. Cyclic oxidation tests

The effects of reactive element additions to FeCrAl alloys were investigated by cyclic
oxidation testing. The tests were carried out in a horizontal furnace, which involved manual
removal of the sample from the furnace, leaving the sample in laboratory atmosphere for the
cold dwell duration and then returning to the furnace afterwards for continuation of cyclic
oxidation. Figure 5-1 shows a comparison of mass gain data curves for two of the alloys. The
alloy Kanthal A1 (with only Zr as RE additive, but also containing small amounts of Si and Ti)
showed a lower mass gain rate compared to the Model alloy M11 (with Y, Hf and Zr as RE
additives). The mass-gain data were recorded after each 7 cycles initially until 150 cycles, and
after each 14 cycles thereafter. The plot of cyclic data for Kanthal Al shows a dip in the
oxidation curve first after 60 cycles and then regularly after every few cycles, which is loss in
mass of the oxide and may be due to spallation. Oxidation may take place at these exposed
regions followed by spallation and then re-oxidation. Optical images were recorded after the
test. The optical image for Kanthal Al alloy showed large regions of spallation, whereas the
Model alloy showed cracks but did not spall as much as the Kanthal Al (Figure 5-2). SEM
micrographs in Figure 5-3 show the spalled region, the spallation occurred within the scale and
not at the interface, as oxide can be seen under the spalled regions shown by ovals. The model
alloy M11 sample showed cracks but did not spall as much as the sample of Kanthal Al. The
reproducibility of the mass gain results is illustrated by comparison with data recorded on the
same commercial alloy in the DECHEMA Institute, where the tests were performed under
similar conditions, as shown in Figure 5-4. The plots compare well initially for about 200
cycles after which there is slight variation, which could be due to minor differences in
laboratory conditions since the data was from different laboratories situated in different

countries.
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Figure 5- 1: Mass-gain data for the commercial alloy Kanthal A1 and the Model alloy M11.

Kanthal A1 Moty Model Alloy M11

Figure 5- 2: Optical images of the oxide scales from both the alloys. Kanthal A1 shows spallation,
shown by ovals on the alloy, whereas model alloy M11 shows cracks but not much spallation.
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Figure 5- 3: SEM images showing the spalled region in Kanthal A1 alloys, whereas no spallation

observed on M11 alloy.
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Figure 5- 4: Mass-gain data comparison for commercial alloy Kanthal Al from two different
institutions.
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5.2. Transmission Electron Microscopy

Figure 5-5 shows a scanned image of a plan view alumina scale formed on Model alloy M9 at
1250°C after 50 hours of oxidation, from a JEOL 2000 FX machine and several corresponding
selected area diffraction (SAD) patterns. Micrograph A is the electronically inverted image of
the scanned micrograph B which is a BF image. The image has been inverted to enhance the
contrast at the grain boundaries. The SAD pattern was indexed by measuring the distance and

angles between the spots manually.

A

[0001]

Figure 5- 5: TEM micrographs and corresponding diffraction patterns from the marked spots.

A plan view sample of the oxide scales was examined using TEM. Figure 5-6 shows a bright-

field image of the oxide scale and a particle formed in alloy M9 after 50 h oxidation at 1250°C.
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The EDX analysis of the particle revealed that it was a hafnium-rich oxide, which had formed
in the outer region of the scale. EDX analysis from the bulk only showed Al and O peaks and
did not show any detectable Hf or Y peaks. The RE rich particles have formed in the bulk and

not at the GB’s or had formed at the GB’s but had not been pinned there. At 1250°C particles

were formed far earlier compared to those at 1200°C.

HfL

HfL

o s.00 10.00 1200 1400 15.00

Figure 5- 6: A TEM micrograph with a particle and EDX spectrums from the particle and the
bulk of the grain.
5.3. Scanning Transmission Electron Microscope and EDX
The plan view sample of the oxide scale taken from model alloy M9 in the region just below
the equiaxed grains was examined using STEM. Figure 5-7 shows a Bright Field (BF) and
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Angular Dark Field (ADF) image. The BF image shows grains of varying sizes lying in the
size range of 0.5 to 1 pm and two particles of about 0.2 um in width, having dark contrast. As
can be seen from the DF image, these particles have a bright contrast, indicating them to be
made of heavier elements as contrast in DF is proportional to atomic number. The DF image
shows a few voids, which appear as a dark region in the image and could have formed during
the process of thinning the sample in the ion mill, as the Ar ion thinning may have removed the

particles or other material present at those positions.

0.2 pm
]

Figure 5- 7: A) BF and B) ADF image showing alumina grains and particles formed at 1200°C
after 50 hours of oxidation.

The next sub-section looks at segregation of reactive elements (RE) to GB and tries to look at
the composition of the particles present in the oxide with the help of EDX elemental mapping.
The second sub-section looks in more detail as to whether it is possible to detect RE at the GB,
using a Line Scan (LS) across a GB. The third sub-section tries to quantify the RE present

across the grain boundaries and in and around the particles.
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5.4. Elemental Mapping to see RE at boundaries
Figure 5-8 shows a Bright Field (BF) image and corresponding elemental maps of a triple
point in the scale. The scale is a plan view sample prepared from alloy M9 at 1200°C after 100
hours of oxidation. The elemental mapping has illustrated the enhanced concentration of Hf
and Y, which may have been caused by their migration to the GB. The GB’s are nearly parallel
to the incident electron beam as the dark contrast at the boundaries is limited to a smaller
width, which is about 1 — 2 nm. The concentration profiles for Hf and Y show enhanced
concentration at these boundaries. The Y concentration profile is not as clear as Hf and Y
seems to be presented in the bulk too. There could be an effect due to the thickness of the
sample and hence the data needs to be carefully processed. There is no change in the
concentration profile of Al, O and Cu. Cu was looked for as the sample was mounted on a Cu
grid and thinned using PIPS. Hence some Cu may have been carried over onto the sample
during thinning.
The experiment was also repeated for GB’s which were inclined by a large degree. Figure 5-9
shows a Bright Field image at a triple point were three inclined boundaries meet and the
corresponding elemental maps. The GB spread is over a few nm as can be estimated from the
BF image by measuring the dark contrast at the GB’s. The elemental maps are in agreement
with the previous triple point analyzed in Figure 5-8, showing enhanced Hf and Y
concentration at the GB’s. Y can be seen segregating more clearly, at the GB’s compared with
the previous triple point analyzed. The elemental profile for Al, O and Cu show no variation at

all the GB’s.
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Figure 5- 8: BF image showing GB of an alpha-alumina grain and corresponding Hf and Y
elemental maps formed at 1200°C after 100 hours of oxidation.
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Al Cu

Figure 5- 9: A triple point junction from the GB’s which are inclined by an large angle formed at
1200°C after 100 hours of oxidation.
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Figure 5-10 shows a Bright Field (BF) image of a particle at the GB’s and the corresponding
elemental maps. It can be deduced that the oxide particle is rich in Hf and Y. From the O
elemental maps the particle appears to be deficient in the O content compared to the rest of the
grain. There is no hint of Hf segregating to the GB’s connected to the particle and the same

could be said about the Y.

Figure 5- 10: BF image from a particle and corresponding elemental maps for Hf, Y, Al and O
respectively formed at 1200°C after 100 hours of oxidation.
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Figure 5-11 shows a Bright Field image of a cluster of heavier particles. There are some
thickness fringes present in the particles appearing as alternate bands of bright and dark
contrast. Elemental profiles seem to suggest that the particles are mainly rich in Hf. The Y
signal was not present or was below the detection level, indicating absence of Y in these
particles. There are no GB’s clearly visible and there is no clear indication of whether the
particle lies within an alumina grain or is present at a GB junction. There is a possibility of a
grain boundary being highly inclined and thus giving no contrast in the BF image. If it is
assumed that the particles are connected through GB’s, it could be said that there is no
segregation to these GB’s. The elemental profile for Al and O indicate the particle to be
deficient in these, whereas elemental profile for Cu suggest, particle being rich in Cu. It is not
clear why Cu signal is enhanced, even though there is no Cu present in the alloy. Cu is only
present in the grid used and if Cu was sputtered onto the sample it should be uniform
throughout, which is not shown by the concentration profile. This can also be an error due to
the fact that Hf and Cu peaks are overlapping each other in the spectrum. Figure 5-12 shows a
bright field image of a particle and corresponding elemental analysis shows the particle to be
rich in Hf and Y. The concentration profiles for Al and O show the particle to be deficient in it,
but once again the Cu concentration is enhanced. There is no detectable segregation of RE’s to
the GB’s as can be seen from the elemental maps. A number of particles were analyzed and
few were rich in both Hf and Y. It is still not clear whether the particles are Hf-Y-O complexes
or whether they are separate oxides of Hf and Y coexisting. There is a possibility of having
both as there is slight solubility between Hf and Y oxides. No grain boundary segregation of

Hf and Y appeared to be present or it was below the detection limit.
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Figure 5- 11: BF image of a particle rich in Hf as can be seen from the elemental maps formed at
1200°C after 100 hours of oxidation.
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Figure 5- 12: BF image of a particle at a triple point rich in hafnium and yttrium formed at
1200°C after 100 hours of oxidation.
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5.5. Line Scan Analysis for Detection of RE
In the following section, Line Scan analysis is carried out across the GB with respect to RE
rich particles. As has been seen from the elemental maps there is segregation of RE to some
GB with RE-rich oxide particles formed in the scale. Hence it was important to look at the
different parameters which affected the segregation and formation of the particles. First, the
quantification technique used to quantify a line scan data set is discussed, followed by two sub-
sections looking in detail at the segregation behavior of the RE’s in the form of RE-rich
particles.
Line Scans collect data at a series of points along a line defined by the user and are plotted as a
graph. The type of Line Scan to be performed can be selected from either a standard line scan
or a quant line scan. In a standard Line Scan, a spectrum is collected at each point and number
of counts within the region of interest will be recorded in the Line Scan. In a quant Line Scan,
the data will be collected as in a standard Line Scan but a background subtraction and peak
deconvolution is performed at every point. The Line Scan data collected can be quantified
using the Cliff-Lorimer method, as explained in the literature review, and the steps involved

are explained in the following paragraph.

5.5.1. Quantification using Cliff-Lorimer method

Steps involved in quantification of line scan data are as follows:
1) A Line Scan data set is collected across a line defined by the user.
2) The main equation is written as,

Ci_g,oda

CB 1 B
Hence K sz factor for all the elements present in the sample were determined using

one of the three different routes present.
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a) Using the default values present in the EDAX software, which were
recorded a long time ago by a user at 200 kV accelerating voltage.

b) Secondly, let the software calculate the Kp factors from the first principle.

¢) Calculating the K, p factor using a set of standards, using the functions

built in the software. This was the method used for calculating the K g in

the quantification of line scan. Figure 5-13 show the screen shot of the

dialog box from the EDAX software, showing the cross section model

“Zaluzec” used.

gm Cross

Section Model

Theoretical | Standards |
 EDAX |  User |

Figure 5- 13: Screenshot of the dialog box from the EDAX software, indicating the model used.

In the current sample, the elements present were Al, O, Fe, Cr, Hf and Y. The values K,
Kaio, Kawres Kaicr, Kamr and K o1y were calculated using the software and the values were scaled

to Al. The total intensity was calculated using the formula,
Lo = (K gl 1)+ (K 01 0) + (K g I ) + (K gy I, ) + (KAIHfIHf) +(K 1))
where, It is the total intensity and Ix is the intensity from the element X.

The concentration of the elements present were calculated as a percentage of the total using the

formula,
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Figure 5- 14: Screen shot showing the calculated K factors for each element present and
standardized to Al K.

The above screenshot Figure 5-14 shows the K values calculated for each element and scaled
to Al. A concentration profile was obtained across the line, from the concentration values
calculated at each point. Concentration values were averaged over the width of the boundary

measured.

5.5.2. Line Scan for Hafnium (Hf) Detection

This section represents in detail the segregation behaviour of hafnium (Hf) over different
boundaries with respect to RE particles, i.e. GB’s which are connected to smaller RE-rich
particles (typically < 20 nm in size), GB’s which are connected to larger RE-rich particles
(typically > 30 nm in sizes) and GB’s which are far away from these RE-rich particles or GB’s
which are not directly connected to RE-rich particle.

Figure 5-15 shows an ADF image of the area near to the hole on the scale with several grains

and grain boundaries, across which line scan was carried out to detect the segregation of
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reactive elements. A pie chart is plotted in order to see the percentage of boundaries which
showed Hf and Y to that of boundaries without any segregation. It can be seen from the pie
chart, the percentage of boundaries which did not showed Hf are far fewer compared to those
of the boundaries which did not show Y and could be due to the lower detectability.
Figure 5-16 and 5-17 shows a plot of Hf and Y distribution across about 80 boundaries from
the ADF image shown in Figure 5-15 calculated using Cliff-Lorimer method as shown in
previous section. There is a slight correlation at few boundaries, were Y content increases as
Hf content increases and vice versa; whereas some boundaries show inverse correlation
between Hf and Y content and hence a new method was needed to give more insight into the
statistics. The spectrum analysis discussed in the next section yields better statistics.
When the GB’s were analyzed with respect to position and size of particle, a pattern seems to
emerge. It was found that there was a distinct difference in the amount of segregant present at

different boundaries, with respect to size and position of the RE-rich particles.
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No. of GB's were Hf is detected (%)s

No Hf
detected

No. of GB's were Y is detected (%)

NoY
detected

10 micron

Figure 5- 15: A) BF montage of the alumina grains showing large number of grain boundaries
around which the hafnium and yttrium line scan quantification was carried out. B) Hf distribution
and C) Yttrium distribution across the GB’s.
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Hf Distribution across boundaries

Hafnium concentration at GB

19 28
Boundary No. from the total 78

Figure 5- 16: Graph showing Hf wt. percent distribution over 80 boundaries analyzed.

Y Distribution across boundaries

Yttrium concentration at GB

28 37 46 55
Boundary No. from the total 78

Figure 5- 17: Graph showing Y wt. percent distribution over 80 boundaries analyzed.
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5.5.2.1. Line Scan across a boundary connected to a small particle
Figure 5-18 is a BF image of a scale with a small particle and Figure 5-19 shows the

corresponding line scan over a boundary which is directly connected to this small RE-rich

particle.

Figure 5- 18: BF image of GB’s connected by a small particle

Counts of X-Rays

1 " 21 31 41 51 61 71

Hafnium signal across the Line Scan

Figure 5- 19: Line scan across the boundary connected by small particle
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The particle appears dark in the BF image recorded and the width of the particle is about 20
nm. It can be seen from the Line Scan that the hafnium (Hf) segregates to the GB, observed as
a peak in the plot. The width of the boundary is approximately 2-3 nm, calculated using the
scale function built into the EDAX programme. The data sets for each element were collected
at every 0.5 nm (approximately). The width of the peak corresponds to 2.5 — 3.5 nm, which
compares with that of the width in BF image. Few smaller peaks can be observed on both sides
of the major peaks. These could be excluded from the Hf signal, as they do not fit into criteria
of differentiating a peak from noise. The criteria used was,
P-B>3@2B)"”
where, P is peak height and B is the height of background noise
A number of grain boundaries were analysed which were connected to a small RE rich
particles. These Line Scan data were quantified by the Cliff-Lorimer technique. It was found

that different grain boundaries had different hafnium weight percent.
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Figure 5- 20: Hf concentration over different GB’s analyzed over several GB’s.
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Figure 5-20 shows the distribution of Hf across all the GB analyzed and which were connected
to small RE particle. As found the hafnium concentration was spread over a large range of
about 20-50%, and an odd boundary which showed 70 percent Hf concentration. There could
be an error associated with these values, as the data were collected over a number of days

under similar conditions.
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5.5.2.2. Line Scan across a boundary connected by a large particle
Figure 5-21 is a BF image of a scale with a large particle and Figure 5-22 shows a Line Scan
over a boundary which is directly connected to the large RE-rich particle shown in the top left
hand corner of the BF image. The Line Scan for the hafnium (Hf) does not show any peak for

hafnium segregation.

Figure 5- 21: BF image of GB’s connected by large particle
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Figure 5- 22: Line scan across a boundary connected by large particle
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Again a number of similar grain boundaries were analysed, which were connected by a large
RE rich particles. These line scan data was again quantified using Cliff-Lorimer technique. It
was found that most of the grain boundaries showed very little hafnium weight percent. The
Figure 5-23 shows quantified data for several GB’s connected by large RE particles. It was
found that hafnium concentration was low compared to GB’s connected with small RE
particles and sometimes no hafnium was found. A few of these GB’s had higher amounts of

segregation of Hf of about 8 percent.
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Figure 5- 23: Hf concentration over several GB’s connected via a large RE rich particle.
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5.5.2.3. Line Scan across a boundary away from particles
Figure 5-24 shows a BF image of a scale with no nearby RE-rich particle and Figure 5-25 is a
Line Scan over the marked boundary. The Line Scan for the hafnium (Hf) shows that there is

some segregation to the GB.

Figure 5- 24: BF image of triple point in alpha alumina scale far away from particles

35 4

30 =

25 +4- S

20 1——

15 4

Counts of X-Rays

1 1 21 31 41 51 61 71

Hafnium signal across the Line Scan

Figure 5- 25: Line scan across a boundary which is far away from particles

Further grain boundaries of these types were analysed, and line scan data were quantified using

the Cliff-Lorimer technique. It was found that all the grain boundaries which were not directly
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connected to RE-rich particles had an Hf concentration between 10 — 20 percent as shown in

the Figure 5-26.
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Figure 5- 26: Hf concentration over several GB’s away from RE rich particles.
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5.5.3. Line Scan for yttrium (Y) Detection
This section looks in detail at the segregation behaviour of yttrium (Y) over different
boundaries. Similar analysis was carried out across the GB’s which are connected by small
RE-rich particles (typically < 20 nm in size), GB’s which are connected by large RE-rich
particles (typically > 30 nm in size) and GB’s which are far away from these RE-rich particles
or GB’s which have no RE-rich particle. The data collected for Y were compared with those
for Hf to see if there was a relation between two species segregating at these GB’s. The Line
Scan data for all the elements were collected simultaneously over a number of days to have a

quantitative measure of the trend followed.
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5.5.3.1. Line Scan across a boundary connected by a small particle
Figure 5-27 shows a BF image of a scale with a small particle and Figure 5-28 shows the

corresponding line scan.

Figure 5- 27: BF image showing a small RE rich particle and a line scan.
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Figure 5- 28: Corresponding line scan for yttrium across a GB connected by small particle
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The line scan data is similar to that obtained for hafnium and from the peak observed in line
scan data it can be said that the yttrium (Y) segregates to the GB.
The Figure 5-29 shows concentration distribution of Y over several GB’s connected by small

RE particle. The yttrium weight percent lay within a range 0.5 — 2.5%.
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Figure 5- 29: Yttrium distribution across GB’s connected by small particles
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5.5.3.2. Line Scan across a boundary connected by large particle
Figure 5-30 a BF image of a scale with a large particle and Figure 5-31 shows the Line Scan
over a boundary which is directly connected by a large RE-rich particle. The Line Scan for the

yttrium (Y) has no strong peak, similar to the data obtained for hafnium Figure 5-22.

Figure 5- 30: BF image across a GB connected by a large particle
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Figure 5- 31: Line scan across the GB connected by large particle.
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The Figure 5-32 shows quantified data for GB’s connected by a large RE particle. Once again
it was found that yttrium weight percent segregation was low compared to GB’s connected

with small RE particles and sometimes no yttrium was found to segregate.
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Figure 5- 32: Y distribution across the GB’s connected via a large RE rich particle.
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5.5.3.3. Line Scan across a boundary away from particles

Figure 5-33 shows a BF image of a scale at a triple point with no RE particle in the vicinity

and a Line Scan over a GB as shown in Figure 5-34.

Figure 5- 33: BF image of a GB which is not connected by any particles.
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Figure 5- 34: Y concentration across a GB which is not connected to any particle.
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The Figure 5-35 shows a plot of quantified data for GB’s which are not connected directly by

RE-rich particle. It is found that yttrium weight percent segregation value lies in and around

2:+0.8 weight percent.
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Figure 5- 35: Y distribution across all the GB’s analyzed, which were not connected to any
particle.
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5.6. Quantification using spectrum analysis

In the following section instead of quantifying line scan data using Cliff-Lorimer method, a
spectrum was collected from a fixed area/volume over the different boundaries and quantified.
This section also looks in detail at the segregation behaviour of hafnium (Hf) and yttrium (Y)
over different boundaries with respect to RE’s particles, i.e. GB’s which are connected by
smaller RE-rich particles (typically < 20 nm in size), GB’s which are connected to larger RE
rich particles (typically > 30 nm in size) and GB’s which are far away from these RE-rich

particles or GB’s which are not directly connected to RE-rich particles.

5.6.1. Quantification for hafnium (Hf) and yttrium(Y)

In this section the spectrum from different regions on the GB’s are collected and quantified.
The Figure 5-36 to 5-39 show the BF image of different regions on the scale and GB’s with
and without RE rich particles and corresponding EDX spectrum collected from the area of 100
nm’ indicated by the white box. It can be seen from the EDX spectrum that the RE signal

differs for boundaries connected to a small particle to that connected to large particles.
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Figure 5- 36: EDX spectrum from the particle, marked on the BF image.
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Figure 5- 37: EDX spectrum from the GB connected by small particle.
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Figure 5- 38: EDX spectrum from the GB far away from particles.
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Figure 5- 39: EDX spectrum from the GB connected by a large particle.
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Quantification was carried out using the Exceptional Standardless Quantification programme
built in to the EDAX genesis system which has been explained in the experimental section,
Quantification shows that the Hf and Y content of the boundaries connected to large particles
is lower than that of the boundaries connected to particles less than 20 nm diameter.
Table 5-1 shows the quantified data from the EDX spectra and it reinforces the same trend of

different boundary types seen in the line scans.

Description Hf Wt. % Y Wt. %
Bulk of the particle 88+2 6+1

GB connected to a small 1242 3+0.8

particle
GB not connected to a 731 1£0.5

particle

GB connected to a large 1.5+1 0.3+0.2
particle

Table 5- 3: Quantified data showing Hf and Y variation across different GB’s.

Figure 5-40 shows BF image with the marked regions from were the spectrum was collected
for duration of 100 seconds and quantified. The quantified data was plotted for Hf and Y and is
shown in the Figure 5-41, it is seen that Hf and Y content remain same everywhere on the GB,
except for the first region were Hf and Y content seem to be higher than the rest of the region
on the boundary. The reason for this is not clear and could be due to instrumental instability.

The GB width is about 2 nm and is parallel to the beam throughout the regions analyzed.
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Figure 5- 40: BF image of a GB and marked regions from which the spectrum was collected.
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Figure 5- 41: Quantified Hf and Y data from the marked regions on the GB.
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Figure 5-42 shows a BF image from an alpha alumina scale containing two particles of
different sizes. The yellow spots on the image represent the positions from where the EDX
spectra were collected (each spectrum collected from 100 nm?) and plotted, whereas the white
spots represents the region in the bulk from which spectrum was collected to see if Hf and Y
could be detected. No Hf and Y were detected in the bulk.
Figure 5-43 below shows the plot of quantified data for Hf wt. percent using the Exceptional
Standardless Quantification method based on Cliff-Lorimer method. It can be seen from the
chart that the Hf content of the GB varies from place to place across the sample and is much
higher or lower than average on GB’s near particles. The quantified values are in agreement
with the line scan data obtained thus confirming the difference in GB composition adjacent to
a particle. The same is true for Y, as can be seen from Figure 5-44. It shows the plot of
quantified data for Y wt. percent using the Exceptional Standardless Quantification method
based on Cliff-Lorimer method. It can be seen that the Y content of the GB varies from place-
to-place across the sample and is much higher or lower than average on GB’s near particles.
The quantified values are in agreement with the line scan data obtained thus confirming
difference in GB composition adjacent to particles. These experiments were repeated on

another area of the sample and results obtained were in agreement with the current one.
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Figure 5- 42: BF image of an alpha-alumina scale containing small and large particles
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Figure 5- 43: Plot of Hf weight percent segregating to the boundary regions.
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Figure 5- 44: Plot of Y weight percent segregating to the boundary regions.

5.7. Anomalies during the line scan

During the Line Scan analysis, it was sometimes found that there were some anomalies.
Sometimes the width of peak did not correspond to the one measured from the BF image.
Sometimes dual peaks were observed, possibly indicating surface segregation to the top and
bottom of the scales. Some of these are presented in the following section.

Figure 5-45 shows line profiles across a grain boundary for Hf and Y and the corresponding
BF image in the top corner. The BF image shows the GB to be oriented almost parallel to the
beam. But as can be seen, dual peaks were observed for Hf whereas no significant signal for Y

was observed.
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Line Scan across a GB
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Figure 5- 45: Line Scan data showing dual Hf peak.

One of the possible suggestions could be that GB is highly inclined and there is top and bottom
segregation taking place. The GB inclination could not be confirmed from the BF image due to
lack of contrast. It is still not clear why no Y was detected and this needs to be analyzed
carefully.

Figure 5-46 shows a line profile, in which the Hf signal shows an extended peak and a small Y
peak. The GB is oriented parallel at the point were the Line Scan was carried but from the Line
Scan plot it seems to be spread over few tens of nm. Again no Y was detected or very low Y

was detected.
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Line Scan across a GB
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Figure 5- 46: Line Scan data showing a broadened peak for Hf.
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6.1. Segregation studies using SuperSTEM
This section is divided into three parts. In section 1 the structure of the scale to be studied in
this thesis is explored. This is followed by the section where useful elemental loss edges are
identified in the low and high loss region, and are used to map the segregation of reactive
elements at the grain boundaries. The last section probes the effect of specimen thickness and

contamination.

6.2. Orientation of the scale

The samples analysed herein have been prepared by the conventional method of mechanical
grinding and low angle ion beam thinning which minimises modification of the oxide scale and
grain boundaries. The Table 6-1 shows the composition of the model alloy used for

investigation.

Elements (Wt%), Balance = Fe
Alloy Cr Al Si Mn | Zr C Y Hf Ti
M9 19.53 |4.85] - - - 10.0115}0.033 | 0.031 -

Table 6- 1

The orientation of the GB with respect to the electron beam greatly affects the EEL spectrum.
Figure 6-1 shows a HAADF image of a grain with all its GB’s inclined. The width of the GB is
about 50 nm and if a Line Scan was to be carried out it might lead to scattered result. Most of
the times the GB’s were inclined to the incident electron beam and a real search was required
to find boundaries which were sufficiently parallel to the incident electron beam. This is

important in the present case as there is less degree of tilt on SuperSTEM (£10°).
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Figure 6- 1: HAADF image of alpha-alumina scale.

1t could be seen the image becoming darker on the top right hand corner, this could be due to
the fact that the sample is getting contaminated. The above HAADF image is an integrated
image of the several images taken one after another and then added all together. The horizontal
streaks or lines observed in the above HAADF image are due to scan settings. Figure 6-2
shows a HAADF image of an oriented grain onthe [ 0 1 -1 1 ] zone axis. One of the GB could
be said to be oriented parallel to the beam whereas one of the boundaries is inclined by an
angle as could be seen through the intensity distribution in the HAADF image. Figure 6-3
shows an intensity profile across the boxed region in the image. The intensity profile has dual
peaks which are at the top and bottom of the Eoundary. These intensities at the top and bottom
of the boundary could be due segregation of heavier elements at those position or these might

be due to strain present at the boundaries.
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Figure 6- 2: HAADF image of a oriented grain at a triple point. High intensities could be due to
strain at GB and/or heavier atoms may be present at those sites.
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Figure 6- 3: Electron intensity profile across the boxed region, which has been integrated over
given width. The dual peaks represent the higher intensities observed at edges of GB.
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Particles were present in the scale. These particles were mostly found in the upper region of
the scale near equiaxed grains. Figure 6-4 shows an HAADF image of oxide scale with these

particles. The particles appeared bright indicating that they are likely to contain heavier atoms.

1 micron

Figure 6- 4: HAADF image at low magnification showing more dense particles of different shapes
and sizes present in upper region of the scale. The high intensity is due to heavier atoms present in
the particles.

6.3. Identification of edges in low loss and high loss region

The following section deals with the identification of RE edges in the low loss region and high
loss region using the techniques previously described in the experimental procedure section.
For low loss analysis the spectrum along with zero loss peak was collected and analyzed and

for higher loss the spectrum was coliected from 1500 eV onwards.
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6.3.1. Identification of edges in low loss region

The compositional results from the EELS spectrum will be discussed in this section. The main
emphasis has been on the low loss region of the spectrum collected from GB in the alumina
scale. The low loss spectra did not show any specific edges as the edges for Hf and Y lie below
the first plasmon peaks and hence to extract the edges, the spectra were processed. Different
techniques have been applied to the data acquired from a large area of the scale containing a
GB. In one method the spectrum from one pixel is deconvoluted for the beam spread and
searched for edges at characteristic energy losses. In the other method, summed spectra from
regions of the GB and the bulk are compared to see the differences, and edges coming up in
the spectrum after some post processing of the spectrum image analyzed. Figure 6-5 shows an
HAADF image of the two alumina grains separated by a GB. The spectrum map was collected
from the marked region in the HAADF image and its intensity profile is shown in the Figure 6-
6. A rainbow scale was used where pink/blue represents a low energy/intensity and red/yellow
represents a higher loss energy/intensity usually associated with high Z. Light colouration in
this HAADF image corresponds to a high level of hafnium and /or yttrium. The original
HAADF image showed a lot of scan lines which were removed electronically. The script used
for removing the scan lines from the image is shown in Appendix 1. The width of the GB can
be calculated approximately from the bright intensity spread recorded on the HAADF image,

which is about 3 - 4 nm.
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Figure 6- 6: EELS spectral image collected from the marked region in the above HAADF image.
The above spectrum shows change in energy intensity when energy range window is 22.4 — 32.2 eV

It can be seen from the spectral image that the intensity distribution across the GB seems to
vary from point to point. There are few regions on the GB which show higher intensity
compared to the rest of the GB. The spectrum from one of the pixels on the GB was analyzed
but did not show any easily identifiable edges. The other possibility could be change in
thickness of the sample over the region analyzed, but still there is no pattern followed by the
intensity change and hence this could be excluded. However the thickness of the specimen

affects the EELS spectrum. Plural scattering occurs if the specimen thickness approaches or
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exceeds the mean free path (MPF¥) of the inelastic scattering process. As stated in the
experimental section, plural scattering can drastically alter the observed shape of inner shell
ionization edges and has to be removed before the near edge structure could be predicted.
Depending upon the scattering event, for a 100 keV instrument, the MPF can be of the order
50 — 150 nm. Hence it is necessary to remove the plural scattering event from the EELS
spectrum by deconvolution. The spectrum is deconvoluted using Fourier-Log deconvolution
technique explained in the experimental section. Figure 6-7 shows an EELS spectrum image
after deconvolution. A temperature scale is used where blue/black represent a high energy and
yellow/white represent low energy. It can be seen that there is high energy loss at the GB of

the mapped region.

Figure 6- 7: EELS spectral image after deconvolution. The above spectral image shows change in
energy intensity through the sample from 22.4 —33.2 eV.

To see whether there was thickness variation at the GB; absolute thickness is plotted in Figure
6-8 using the function built into Digital Micrograph. It can be seen the thickness spectrum map
does not show a large variation in thickness and was fairly uniform and within the range 80 —
100 nm. Again a temperature scale is used where blue/black represent a low thickness and

green/yellow represent high thickness.

*Mean free path is described as the distance traveled by an electron between two scattering events of a particular
class.
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Figure 6- 8: The above spectral image shows change in thickness which is in the range of 80 — 100
nm.

As can be seen from the above spectral image, there is only a small variation in thickness from
one grain to another. In the above spectrum image a white pixel can be seen which must be
considered a dead pixel as the program failed for that pixel. Figure 6-9 shows a spectrum from
one pixel on the GB. When the background is carefully subtracted there is a slight hint of a
hafnium edge present at 31 eV. The background removal must be performed in such a way that
the best possible fit to the background is obtained for every spectrum in a spectral image. The
background could be seen to continuously decrease to zero and the signal is plotted in green.
The edge appears at 31 eV. No clear Y edge was found, except a small peak at 26 eV and

could still be under the plasmon peak.

e

Figure 6- 9: The low loss spectrum from the GB with background subtracted.
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Figure 6-10 and Figure 6-11 show the spectrum image built from yttrium and hafnium edges
respectively. The Y map was plotted by selecting the signal at 26 eV for each pixel and
similarly for Hf at 31 eV. A temperature scale is used where blue/black represent a high energy
and yellow/red represent low energy. As can be seen from the built spectrum there is not much
information available regarding the distribution of these elements and hence there was a need

for further processing.

Figure 6- 10: EELS spectral image formed from Hf edge present at 31 eV. The energy window is
29 -31.8eV.

Figure 6- 11: EELS spectral image formed from Y edge present at 26 eV. The energy window is
23.6 -26.8 eV

The raw spectra obtained were further processed in stages. Firstly, once plural scattering was
removed from the data, second and higher order plasmon scattering effects were deleted from
the processed spectrum by Kramers-Kronig analysis. As explained in the experimental section
Kramers-Kronig analysis yields Epsilon 1 and 2 with a few other quantities. Figure 6-12 shows
an Epsilon 2 spectral image, which was used for further analysis. Figure 6-13 shows the

resultant spectrum obtained when the processed spectrum from the grain boundary region was
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subtracted from that of the bulk grain and indicates the Y and Hf contributions at 26eV and
31eV respectively. It can be seen there is increase in intensity at 26 eV and when a background

was fitted, there is increase in intensity at 31 eV.
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Figure 6- 13: Spectrum showing yttrium and hafnium edges when the spectrum from the GB was
subtracted from one taken from the bulk.
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In contrast, when a spectrum collected from the centre of an oxide grain was subtracted from
that taken from another oxide grain, the resultant spectrum did not show any RE edges as can
be seen in Figure 6-14. The same was found when the resultant spectrum collected from the
GB was subtracted from another region on the GB as can be seen in Figure 6-15. The variation

found is noise.
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&V
Figure 6- 14: Spectrum does not show any significant edges when one spectrum from the bulk
grain was subtracted from another.
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Figure 6- 15: Spectrum does not show any significant edges when one spectrum from the GB was
subtracted from another.
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We therefore conclude that this is a meaningful technique to reveal Y and Hf at a near vertical
GB. The technique was repeated over several boundaries to verify the exactness of the
technique.
Figure 6-16 shows a HAADF image of a particle, found among the outer regions of the oxide
grains. The bright intensity is from the particle and at the edge of particle intensity drops
gradually, indicating an inclined boundary. Figure 6-17 is the corresponding spectral image
collected from the marked region. In this case a rainbow scale was used where pink/blue
represent a low energy/intensity and red/yellow represent a higher energy/intensity and
corresponds to a high level of hafnium. Even from the spectrum it can be confirmed that the
grain boundary is spread over a large width indicated by green color in the map and the width
at the boundary is about 3-4 nm. Adjacent to the particle are two grains separated by a
boundary which does not show a high contrast. The particle itself is represented by red color in

the colored map.
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Figure 6- 16: HAADF image showing a heavier particle. The particle appears bright because it
contains heavier atoms.

Figure 6- 17: EELS spectral image from the region marked on the above HAADF image.
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Figure 6-18 is a spectrum collected from one point on the particle. Spectra from pure HfO, and
Y,0; are overlaid on top of it. The spectrums from HfO, are represented in blue and that of
Y,0; in grey and are taken from the EELS atlas. It can be said that the addition of both spectra
would result in a spectrum similar to the experimental result and thus confirms the presence of
hafnium and yttrium. In most of the cases mixtures of Y- and Hf- rich particles were found,
they could be thought as discrete overlapping particles rather than mixed oxide particles.
Figure 6-19 shows the same spectrum deconvoluted in order to compare the edges with
standard EEL spectra for hafnia and yttria. It appears to be richer in hafnium than yttrium since

a higher percentage of the signal from the hafnia contributes to the base spectra.

35
eV

Figure 6- 18: Spectrum from a pixel in the bright region. After comparing with EELS spectrum
for hafnium and yttrium there seems to be a very good match.
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Figure 6- 19: Spectrum after deconvolution showing it is an hafnium-rich particle.

6.3.2. Identification of edges in a high loss region

In this section once again the compositional results from the EELS spectrum will be discussed
but the main emphasis this time will be on the high loss region of the spectrum. Figure 6-20
shows an HAADF image of an alumina scale and a GB. The spectrum was collected from the
marked region in the HAADF image and was compared with a spectrum collected from bulk.
Figure 6-21 shows both the spectrum from GB and bulk overlapped but with background
subtracted. The same energy window was used for subtracting the background from both
spectra. The spectrum in red is from the GB and the spectrum in blue is from the bulk. As can
be seen from the spectra there is a marked difference between them and edges of hafnium (Hf
M, 5), yttrium (Y L, 3) and silicon (Si K) are observed at 1660, 2100 and 1850 eV respectively.
Figure 6-22 shows spectrum from the GB in sky blue, spectrum from the bulk in green and
resultant signal once the background is subtracted from the spectrum recorded from GB. A
hafnium edge can be observed at 1660 eV in the spectrum shown in red from the GB, after a
background fit to the spectrum. Similarly when a background is shifted to higher end, the

yttrium edge could be picked up as shown in Figure 6-23.
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Figure 6- 20: HAADF image from alpha-alumina scale.
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Figure 6- 21: Overlapped spectrum from the marked region on GB (red) and bulk (blue).
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Figure 6- 22: Spectrum showing a hafnium (Hf M, 5) edge after background removal.
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Figure 6- 23: Spectrum showing an yttrium (Y L, ;) edge after background removal.

Figure 6-24 shows an HAADF image and a spectrum map collected from the marked region.
The spectrum image intensity profile is shown in Figure 6-25. A rainbow scale was used where
pink/blue represent a low energy/intensity and red/yellow represent a higher energy/intensity.
Light colouration in this HAADF image corresponds to a high level of hafnium and /or
yttrium. Figure 6-26 shows an hafnium spectrum image map when hafnium edge is used to
form the spectrum image. As can be seen from the hafnium spectrum image intensity map,
there is not a uniform distribution of hafnium along the GB. It seems to be that the Hf
segregates in groups. The alumina grains appear different in colour because of slight change in

the intensity, which could be due to different orientation of the grains.
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Figure 6- 24: HAADF image showing a lattice image and a GB.

Figure 6- 25: EELS spectral image from the marked region.

Figure 6- 26: EELS spectral image formed using hafnium (Hf M, s) edge.
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Figure 6-27 shows a HAADF image and spectrum collected from the GB and bulk to see
whether there is difference in near edge structure of oxygen. As can be seen from the HAADF
image the intensity is not uniform over the whole of the GB. One of the reasons for this could
be contamination with C and other could be due to beam damage associated with the sample.
Contamination could be seen as the black blobs on the HAADF image and beam damage
seems to modify the GB, these two effects are discussed later. Figure 6-28 shows the
overlapped spectra from the GB and bulk. The oxygen (O K) edge is similar in both spectra.
The EEL spectrum was collected from the single spots marked on the GB and bulk. The
spectrum from GB is in green and the spectrum from bulk in red. A small pre-peak is observed

in the spectrum from the GB which is from Ti.

Figure 6- 27: HAADF image of alpha-alumina scale.
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Cr L,,; edge is observed at 575 eV in the bulk whereas not at the GB. Fe L,,; edge is found at

700 eV in the bulk as well as the GB.
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Figure 6- 28: Overlapped spectrum collected from a point A (green) on GB and B(red) from bulk.

6.3.3. Lattice imaging

The HAADF images shown in Figure 6-29 are lattice images of alumina grains separated by
grain boundaries. Both the grains are oriented to the same zone axis, except one grain is
twisted with respect to the other. As can be seen, there are bright individual spots in some
areas on these grain boundaries. The bright spots could be due to heavier elements or ions
present on these sites, scattering strongly into the detector, although some of the contrast
changes could also be due to strain and thickness effects. Figure 6-30 shows a blown-up view

of the GB with the bright individual spots distributed all over it, close to the boundary.
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Figure 6- 29: Lattice image showing a triple point in the oxide scale and bright spots distributed
across it.

Figure 6- 30: Blown up image of the above HAADF image and corresponding Fourier transform,
which was used for indexing.
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Figure 6-31 shows an HAADF image of an oriented alumina grain and bright spots distributed

across the GB. The bright spots are spread over a few nanometres, but this could again be due

to the fact that grain boundaries are inclined to the beam. Unfortunately the optimum contrast

conditions used to view the bright spots also coincides with the conditions, which maximize

the intensity changes due to minor instabilities in the electron gun. Hence the horizontal lines
in the micrographs

Figure 6-32 shows a blown-up view of the bulk of the alumina grain. Blue spots have been laid

on the blown-up image to show the hexagonal pattern and the grain is oriented to the

[01-11]zone axis.
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Lattice image showing a triple point in the oxide scale and bright spots distributed

Figure 6- 31

across it.

Blown up image from the bulk of the grain and a Fourier transform.

Figure 6- 32
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Figure 6- 33: Montage of lattice image showing the GB with bright spots distributed all over it.
Blown-up of the bulk showing spots forming a regular hexagonal pattern and a Fourier
transform.
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Figure 6-33 shows montage of lattice images covering the whole boundary and the distribution
of bright spots over it. The blown-up image shows regular hexagon showing it to be oriented
on the C-axis. The alumina grain is oriented on the [ 0 0 0 1 ] zone axis.
It was not possible to collect the spectrum from one of these bright spots, because of the
damage caused by the electron beam. Hence instead of collecting from a single bright spot, the
electron beam was moved manually over different bright spots and spectra collected. Another
way to reduce damage was by collecting a spectrum from each bright spot for a short exposure
time and summing over the entire spectra collected. Hence a composite spectrum was collected
by moving the beam manually over the region. The spectral image was analyzed and again

hafnium (Hf My 5) and yttrium (Y L, 3) edges could possibly be identified.
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Figure 6- 34: The spectrum showing Hf and Y edges coming-up on the spectrum.

Page | 154



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys
Results: SuperSTEM and EELS

6.4. Factors affecting the energy loss spectrum
In this part factors which affect the energy loss spectrum are looked at, namely the effect of
specimen thickness and contamination of the specimen. The low loss region of the EEL
spectrum contains a great deal of information. Contamination can, however, alter the observed
spectrum, especially if carbon is present, as it has several broad peaks in the low loss region
around 30 eV. Hence it is important to monitor if carbon is present and whether the sample is

getting contaminated as there is often a build-up of carbon during acquisition.

6.4.1. Thickness effects on the energy loss spectrum

The thickness of the specimen that the electron beam has to pass through affects the EEL
spectrum. If the specimen is thick, plural scattering will take place. The plural scattering is
often removed from the EEL spectra by a Fourier-Log deconvolution and it is therefore not a
problem as long as there is still a significant contribution from single scattered electrons and
the spectra has a high signal-to-noise ratio. Figure 6-35 shows an HAADF image and its
absolute thickness has been calculated to be 80 +10 nm using the EEL spectrum. Figure 6-36
shows the same region after about 10 -15 scans. It can be seen there is not much difference in

the positions and intensities of the bright spots.
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Figure 6- 35: HAADF image from an region of scale which is 80 — 100 nm thick.

Figure 6- 36: HAADF image from the same region after 10 - 15 scans.
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However, if the specimen is too thin it can cause other problems such as the introduction of
surface plasmons into low energy EEL spectra. As was seen when the specimen thickness falls
below ~30 nm there is also GB modification. Figure 6-37 and Figure 6-38 show an HAADF
image from the same region, one image from the first scan and a second one recorded several
scans later. It can be clearly seen from the second HAADF image that there is a redistribution

of the bright spots around the GB.

Figure 6- 37: HAADF image from a very thick region near the hole in a TEM specimen.
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Figure 6- 38: HAADF image from the same thin region showing redistribution across the GB.

6.4.2. Contamination during energy loss acquisition

Carbon contamination is predominant in the electron microscope; even in the high vacuum of
the SuperSTEM carbon migration to the beam forms deposits. This is due to the intensity of
the focused beam at the specimen.

Figure 6-39 shows an HAADF image of an alumina scale contaminated wherever the beam

was located on the sample.
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Figure 6- 39: HAADF image from a sample, the dark area was contaminated with carbon by
stationary beam.
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7.1. Discussion
The discussion chapter consists of three sections. Section one mainly deals with the cyclic
oxidation test and the contribution of reactive elements to oxidation mechanisms. The
segregation of reactive elements to the oxide-grain boundaries is discussed in section two
along with the formation of reactive element-rich oxide particles near the scale-gas interface.
Finally, section three discusses the segregation of reactive elements as observed in an

aberration corrected scanning transmission electron microscope.

7.2. Cyclic oxidation tests

The high temperature oxidation behavior of commercial FeCrAl and model alloys has been
studied quite extensively 4 63 118.127. 3L 1501321 * The cyclic oxidation data obtained for the
model alloy M11 and commercial alloy Kanthal Al, as shown in Figure 5-1 show that the
alloy M11 (FeCrAl+Y+Hf+Zr) has a higher mass-gain rate compared to the commercial alloy
which only has zirconium as a RE additive. The dips in the mass-gain curve show regions were
spallation takes place. This confirms similar findings obtained previously!"*. Metallographic
observation of the scale revealed in Figure 5-2, showed much more spallation from Kanthal A1l
compared to that of the Model alloy M11. The spallation in the Kanthal A1 sample seems to be
taking place within the oxide scale as could be seen from the SEM micrographs. Oxide scale is
observed below the spalled region, which may have formed after spallation or may be due to
spalling within the oxide. Different spallation mechanisms can be argued; firstly the spallation
may take place at the metal-oxide interface and subsequent oxidation takes place at the surface,
and needs to be analyzed further. Secondly, one of the mechanisms could be the formation of
zirconia particles near the equiaxed zone, below the gas-oxide interface and spallation taking
place at those sites due to built-in stresses!"*’). It has been observed that the addition of
zirconium prevents the negative effects of carbon apparently by tying up the carbon impurity

into more stable carbides. Zr is rapidly incorporated into alumina scale thereby modifying its
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microstructure by reducing the oxide grain size as well as by the formation of zirconia
precipitates and nano-porosity!'> '> '**\. Rapid incorporation of Zr into the alumina scale leads
to an early exhaustion of the Zr reservoir and thus a loss of Zr effect or RE effect on scale
microstructure after long exposures. Some authors found that the alumina scale possesses an
increased density of oxygen paths which resulted in an increased oxidation rate initially due to
the presence of in-scale porosity"**). Any of these could have affected the spallation mode and
need to be studied further in order to understand the spallation mechanism associated with
these alloys. Pint et. al found that alloys with only Zr as an additive resulted in formation of
oxide intrusions or oxide pegs, which created a convoluted metal-scale interface!> >, This
may also enhance the driving force for the spallation of oxide scale at the metal-oxide interface
and thus support the second argument of scale spallation. There were large numbers of cracks
found on the Model alloy (M11), as shear stresses created by thick scales are sufficient to
cause cracking through the oxide scale and the scale may spall by further propagation of cracks
along the smooth interface. This scale did not show any signs of spallation and would suggest

that the metal-oxide surface was a flat adherent surface.

7.3. Scanning Transmission Electron Microscope and EDX

The combination of high resolution STEM and EDX were used to show the presence of RE at
the GB and the boundaries associated with the particles.The segregation of reactive elements
along oxide grain boundaries in co-doped alloys has been reported before in the literature!" **
109. 124, 155] 1t has been speculated that RE ions segregate to defect sites along the grain
boundaries.

It is known through the literature that the alumina scale grows by either or both inward
diffusion of oxygen through the oxide and reacting at metal-oxide interface or by aluminum

diffusing out through the oxide and reacting at the free oxide-gas interface, when no reactive

elements additives are present in the alloy. But when reactive elements are present, the second
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mechanism, i.e. the oxidation mechanism, is modified and oxide scale grows predominantly by
inward diffusion of oxygen through the scale. Pint et. al suggested a model to explain the
effects associated with the addition of the reactive elements that was based on the segregation
of reactive element ions to the scale grain boundaries and metal-oxide interfaces'® !¢ "7,
Interfaces have been shown to be used by reactive element ions as a pathway for diffusion
from the substrate to the gas interface of the oxide scale. An oxygen potential gradient across
the scale is the driving force for this type of outward diffusion. This type of segregation of
reactive element ions to the grain boundaries can be explained by the dynamical theory of
segregation. The fundamental postulate of this theory is that certain large oxygen active
elements present in the alloy diffuse toward the scale-gas interface as a result of the oxygen
potential gradient in the metal-scale-gas system > %% 151381 Eigure 7.1 shows the schematic
diagram of the diffusion path of RE ions across the oxide scale along the grain boundaries. The
RE’s from the bulk diffuse through GB to the interface and then into the oxide scale through

the GB’s. RE-rich particles are usually found near oxide-gas interface.

RE ions diffusing along
the scale grain boundary RE rich particles

/
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‘(” > Scale
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Figure 7- 1: Schematic of the observed outward diffusion of RE ions along scale grain boundary
during high temperature oxidation

Page | 163



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys

Discussions

To analyze different aspects of RE segregation, plan view TEM samples were prepared and
depending upon the region to be analyzed, i.e. outer most regions of equiaxed grains or
somewhere in the columnar region, samples were thinned accordingly using PIPS. The thinned
samples were analyzed in STEM using EDX for elemental analysis.To analyze a large area,
usually elemental mapping was carried out, which showed the presence of particles which
were made up of Y and Hf, as was observed in Figure 5-10, 5-11 and 5-12. The particles were
usually present in the region near to gas-oxide interface and they were found to increase in
number with the passage of time or temperature. When X-ray maps were collected from grains
and grain boundaries present in the equiaxed regions, they showed reactive elements
segregated to the grain boundaries (Figure 5-8 and Figure 5-9). There were particles present at
the grain boundaries which were rich in reactive element/elements. Sometimes the signals
showed that the particles were rich in hafnium and or yttrium and a few particles were only
rich in hafnium. When the particles were rich in both Hf and Y, it is still not clear whether the
particles were mixed oxides of yttrium and hafnium or separate oxides of yttrium and hafnium.
Hence it could be argued that when both Y and Hf signal were present, the particles were lying
one below the other, i.e. yttrium oxide on top of the hafnium oxide or vice versa. But this could
be contradicted by the fact that both the Y and Hf maps showed the same particle shape and
size and hence could be a complex of Y-Hf-O. It was found that the O signal dropped in the
region of the particle compared with the surroundings, normally indicating a lower O content.
Figure 7-2 shows the concentration of different elements present in five different regions in
five different particles that were selected at random, the spectrum analysis was carried out on a
fixed volume each time, assuming the thickness of the sample did not change. It was found that
the particles contained 60 — 65 atomic percent of Hf, 12 — 15 atomic percent Y, about 12 - 16
atomic percent of O, which is considerably less than the 55 — 65 atomic percent O found in the

bulk and at the GB’s; the particles also showing very little Al (about 1-3 atomic percent).
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Figure 7- 2: Concentration of different elements present in the particle.

An approximate empirical molecular formula was calculated using the data above, and was (5
Hf, Y) O,. Calculating mole fractions using the this atomic percent leads to an approximate
value of 80-85 mole percent HfO, and 15-20 mole percent Y,0; with Al,O;. The results from
the X-ray analysis of the particles in Figures 5-10, 5-11 and 5-12, shows that most of the time
the particles were rich in Hf and Y with very little Al, which enforces the possibility that the
particles are a mixed phase oxide of Hf and Y . EEL spectrum obtained from the particle also

supports the possibility of a mixed phase oxide.
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In order to understand the stability of the particles and the phases present, the equilibrium

ternary phase diagram for HfO,, Y,0; and A1,O; at 1100 °C must be considered (Figure 7-3)

. HIO, T=1373K

0. 5 MeASYAG
1

0O 02 04 06 08 10
Y,0, MOLE FRACTION ALO, AlLLO,
Figure 7- 3: Isothermal section for HfO,-Y,0;- AL, O; system at 1100 °C!""],

As we know (Figure 7-2) that there was hardly any Al in the particle, the composition must lie

in the region marked by the blue dotted circle on the ternary phase diagram.

In order to understand the different phases present and relate these to the ternary diagram it is
worthwhile considering the HfO, and Y,O; binary phase diagram, keeping in mind that

whatever exists in these particles has to form in the presence of alumina.
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Figure 7- 4: Hafnia-rich region of tentative Y,O5-HfO, phase diagram!'*%l,

The blue oval, in Figure 7-4, represents the region on phase diagram were the composition of
the Hf — Y RE rich particle is most likely to lie. The binary diagram shows that the most likely
structure is fluorite, but the ternary diagram shows that this should be in equilibrium with YAG
not alumina. This may be due to the presence of a thin layer of YAG around the particle that
was not detected, and that the YAG layer is in contact with the alumina, or that the phases
present are metastable rather than stable. This metastable form may be present if it is easier to

nucleate or if the surrounding oxide makes it easier to grow.
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Hafnium and yttrium were also found to segregate to the oxide grain boundaries. The
thicknesses of the grain boundaries on which the Hf and Y have segregated seem to be a few
nanometers in width. Most of the time the width of the GB’s were comparable with peak
widths in the Line Scan, as observed in Figure 5-18 to 5-35 hence indicating that the
segregation was limited to the GB’s and not to the bulk in the vicinity of the boundary.
However it is not possible to determine accurately the width of these boundaries as they might
be slightly inclined or curved. Line Scan data were collected from a number of boundaries and
analyzed by EDX. It was found that the concentration of reactive ions varied from boundary-
to-boundary and there was not a good correlation between the Hf and Y segregating to
different boundaries. The Line Scan data were quantified for Hf and Y weight percent over the
GB and plotted against each other as shown in the Figure 7-5. There was a limited correlation
on a few boundaries but mostly showed no correlation between Y and Hf concentration.
Some of the scatter in the above figure could be due to experimental errors associated with the
state of the microscope, as the data was recorded over a period of time and not in a single

sitting. The shaded area represents the region were most of the points lie.
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Figure 7- 5: Graph showing the distribution of yttrium vs. hafnium, and as can be seen not a

strong correlation exits.

When the Line Scan data were compared with segregant particle size, a correlation was

observed; i.e. as the particle size grows the reactive element concentration at the boundaries

directly connected by these particles showed a lower amount of segregant. The problems

associated with quantification of these line scan data was, firstly, deciding the actual peak

width and its relationship to boundary width signal coming from the boundaries. Secondly

there was not an accurate technique for subtracting the background or instrumental noise from

the line scan.
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Hence a new method was sought and analysis repeated across different grain boundaries
connected via large/small particles or away from particles. Instead of collecting a line scan,
spectra were collected from a fixed cross-sectional area at the boundaries for duration of 200
seconds. Assuming that the thickness was quite uniform over the whole of the oxide scale, the
analysis led to a better statistical result. The results obtained were on similar lines to the ones
obtained through Line Scan analysis. The GB’s connected to large particles did not show
presence of Hf or Y or was below detectable levels, whereas the GB’s connected to smaller

particles showed different levels of Hf and Y.

7.4. The Segregation Model

The results from the X-ray Line Scans and spectrum analyses, of particles in the region of
equiaxed grains near the gas-oxide interface, show that the GB’s connected to large particles
have very low levels of Y and Hf present, whereas GB’s connected to smaller particles have
higher but varying amounts of Y and Hf. The transient oxides are formed initially, but with
longer oxidation times the columnar grains grow and during this time the RE’s appear to build
up at the GB’s. At some point nucleation occurs from the saturated or supersaturated
boundaries, leading to the formation of the observed particles just below or within the
equiaxed grains. What is not observed are RE oxides at the gas oxide interface, which is
somewhat surprising, as this would seem the easiest place for nucleation. This may be an
effect of oxygen partial pressure on precipitate nucleation, that the particle nucleate during the
formation of the transient stage or that some regions within the transient scale form special

interfaces that lower the energy barrier for nucleation .
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Figure 7- 6: Schematic of RE ions starts build-up after transient stage and continues till a
saturation limit is reached at the grain boundaries.

The behaviour observed can be explained by a number of possible different mechanisms. The
first mechanism, by Pint et al is based on the supersaturation of the GB’s with RE with time,
leading to the nucleation of RE-rich particles and then to their growth by absorbing RE by GB
diffusion. Figure 7-6M%% 5% 54 7. 1621661 chows a schematic of this process with the
development of the transient stage followed by the buildup of RE within the oxide before
nucleation occurs and the RE rich particles grow. However, the only way supersaturation
normally occurs is when the temperature drops possibly during cooling of the sample. If it is
assumed that the oxide scale is saturated during oxidation it will become supersaturated on
cooling and the RE-rich particles nucleate. This would however create particles with no RE in
the surrounding GB’s, which is not what was observed as different amounts of RE were

observed in the boundaries near small and large particles.
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Pint et. al., concluded that RE ions become incorporated into RE-rich particles because this is a
lower energy state than as a boundary segregant but they do not explain why they diffuse out
through the oxide as this is also true near the metal/oxide interface. This mechanism fails to
explain why the reactive elements do not form oxides at the metal/oxide interface. They form
more (thermodynamically) stable oxides than aluminium and in a similar way that chromia
forms at the metal/oxide interface under the iron oxide, in Fe-20Cr, the reactive elements
should be able to form at the metal/oxide interface. Thus, thermodynamically the reactive
elements are 'supersaturated' even at the metal oxide interface, as they are above the
concentration that should produce precipitates. However, they do not form precipitates and
instead they diffuse through the scale before reacting, and this is probably because the critical
free energy for nucleation of the reactive element oxide phase at the metal/oxide interface (or
in the alloy) is too high. However, they can nucleate in the outer part of the scale possibly as

an effect of the transient oxidation process.

Another mechanism for the growth of the precipitates in the outer scale is based on the
development of activity gradients along the oxide grain boundaries between large and small
particles. The RE-rich particles formed in the growing oxide scale during the transient oxide
growth stage, will tend to be larger than those formed later on and as such will be more stable.
The common tangent construction shows that the stability of a precipitate affects the
composition of the grain boundaries and bulk that surrounds it and this lead to the formation of
activity gradients that drive diffusion. This is the process of Ostwald or precipitate ripening.

Figure 7-7 shows a free energy versus composition diagram and shows that the free energy of
the particles affects the local composition of the surrounding material, which in turn drives
diffusion that controls whether particles grows or shrink. Thus, any small Hf/Y oxide particles
that form in the matrix or lower scale would tend to disappear as the more stable particles grow

by Ostwald ripening and this mechanism would lead to higher concentrations of RE in the
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boundaries near small particles and low concentration near large particles as was observed

experimentally.

Small Particle

RE —Boundary
Composition

Big Parficle

Free Energy

Composition
‘ Composition of matrix next to smaller particle

Composition of matrix next to bigger particle

Figure 7- 7: Ostwald ripening mechanism: Schematic of free energy versus composition curve.

The above arguments and discussion allow a thermodynamically feasible model to be proposed
(Figure 7-8) to explain the formation of the RE-rich particles and their growth. Figure 7-8
shows an ADF image of the oxide and as the GB’s are not clearly visible, they are overlaid by
white lines. As the oxidation progresses with time, there is build-up of RE from the bulk to the
metal-oxide interface and then to the oxide grain boundaries (the RE in the transient stage
being incorporated into growing oxide scale). This build-up continues with time until
precipitates nucleate somewhere in the scale. (Figure 7-8C, were the GB saturation is shown in
yellow and RE-rich particles in blue color). Whether a RE-rich particle grows or shrinks

depends on its relative size with some particles initially growing before shrinking as the
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particle size distribution changes. If a particle is growing it will show a low RE concentration
in the surrounding GB’s, while those that are shrinking will be surrounded by boundaries rich
in reactive elements. Figure 7-8D show the particle of different size with different
concentration of RE. This is what was observed around larger particles, whereas other
particles which have different RE content in the GB connected to them are shrinking to

produce an excess of RE at GB’s.

Figure 7- 8: Proposed model for formation and ripening of reactive element - rich particles near
the equiaxed region. A) ADF image with grain boundaries outlined, B) RE ions diffuse ontward
and continue diffusing outward till saturation of the grain boundaries, C) RE-rich particles
incorporated during columnar growth and saturated GB’s, and D) RE-rich particles grow and/
shrink, and is controlled by common tangent construction mechanism and ripening mechanism
described as Ostwald ripening.
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7.5. Calculating number of RE ions at the GB

The spectrum collected from a fixed cross-section on the scale was quantified using the EDAX
genesis program which yields the weight percent of each element present in the volume
analyzed. As weight percent of each element present in the volume is known, a few

assumptions evaluate an estimate of the number of RE ions present at different GB’s.

Assumptions:

1) The volume over which whole spectrum was collected is the same, i.e. thickness of the
sample is constant throughout the analysis. In this analysis it was assumed that the
volume is 10 x 10 x 30 nm

2) There are no defects present in the volume analyzed, viz. no point defects, interstitial
defects or dislocations.

3) Excluding the edge effect, i.e. even at the edges of the cube, the complete ions of the
elements are considered.

4) No beam broadening within the specimen depth.

5) RE ions are distributed uniformly within the grain boundaries.

Figure 7-9 shows a schematic of the volume used for analysis. Assuming the above, the total
number of ions of Al and O present in the total volume can be calculated. If substitutional
segregation takes place, the number of RE ions present in the GB could be calculated
approximately as shown in Appendix 2.Table 7-1 shows the numbers of ions of reactive

element present at different type of boundaries.

Page | 175



Segregation of reactive elements to oxide grain in high temperature FeCrAl alloys

10 nm

10 nm

Discussions

Figure 7- 9: Schematic of the volume analyzed for calculation.

Approximate no. of Hf Approximate no. Y
Description ions/unit volume of ions/unit volume of
alumina GB (nm°) alumina GB (nm’)
Bulk of the particle 20.25 4
GB connected to a small 72 1.9
particle
GB not connected to a 3.52 0.65
particle
GB connected to a large 0.8 0.048
particle

Table 7- 1: Approximately calculated number of ions at different GB’s (Error £10%).
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7.6. Anomalies during the line scan
During the acquisition of spectral profiles across grain boundaries, sometimes dual peaks and
sometimes broad peaks of RE were observed. These anomalies are explained with the help of
the schematics below. Figure 7-10 shows a schematic for dual peak observation, where the
grain boundary is tilted by a large angle. If RE ions are present at the top and bottom surface of
the scale, dual peaks would be observed as observed in Figure 5-45 and Figure 6-2. It is not
clear why the RE segregates to the top and bottom of the GB. The other possibility could be
that the RE segregates to the top and bottom surface of the grain where the boundary emerges,
as this would require lower energy and would be energetically favorable and most likely in the
current situation. There may be one or two different mechanism responsible for this, firstly
during ion milling, the Ar ions hitting the sample may cause localized heating of the region
which is about 150 — 200 °C. This process would not impart enough energy for much
segregation to take place and could be ruled out. Secondly, when Ar ions hit the sample they
may knock out an ion from the lattice creating a point defect and segregation of RE may take

place and finally during the analysis under an intense electron beam in an electron microscope

there is a possibility of electron induced segregation.

Figure 7- 10 Schematic explaining the reason for dual peak in a line scan.
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Again if a grain boundary is inclined by a few degrees and RE segregates are present all over
the boundary as observed in Figure 5-46, it is possible to end with an extended peak as shown
in the schematic, Figure 7-11. During such conditions when the peaks are broadened it was
difficult to analyze the actual width of the GB and may have contributed some percentage
towards the error associated with the Line Scan data quantified. Most of the time the boundary

analyzed was oriented almost parallel to the incident beam thus reducing the errors.

Bea

Figure 7- 11: Schematic explaining the occurrence of an extended peak.

7.7. SuperSTEM and EELS

In recent years, high-angle annular dark field (HAADF) imaging in scanning transmission
electron microscopy (STEM) has become a widely recognized technique that provides atomic
resolution structure images that are generally more directly interpretable than conventional
high-resolution transmission electron microscope images. The intensities in the HAADF image

are directly proportional to the average atomic number (Z). Transverse interference effects
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between neighboring atomic columns are minimized when electron probes of a fixed size that
are smaller than the distances between the atomic columns are used and for large HAADF
detector inner angles.
EEL spectroscopy was carried out across the grain boundaries to see the segregation of RE’s
and co-related with the HAADF image recorded at that point. Almost every grain boundary
showed a bright intensity as was seen in Figure 6-1 to 6-5, but these changes in intensity can
arise from strain effects. The understanding of HAADF image intensities in terms of
occupancy of the atomic columns is still a subject of continuing research. Some authors have
suggested the influence of probe channeling on HAADF image contrast. The tendency of the
probe to focus along the atomic columns is expected to be different for columns occupied by
different species, also known as channeling. These effects may cause the image to become a

function of sample thickness, it was therefore necessary to repeat the experiments.

7.7.1. Low loss and High loss edges

Low loss spectra with the zero loss peak included were recorded at the GB’s. The edges
present in the low loss region could not be interpreted simply as the edges for Hf and Y lie
under the first Plasmon peaks and hence it was necessary to process the spectra using the
sophisticated techniques discussed in the experimental section.

The HAADF image (Figure 6-2) showed the bright intensities at the top and bottom of the
scale indicating segregation of RE ions at these levels, which again support the dual peaks
observed in the EDX spectra in Figure 7-10. The spectra were deconvoluted to remove the
plural scattering, but even after this it was quite difficult to say whether Hf or Y was present or
not. Therefore Kramer’s-Kronig processing was carried out in order to see the RE edges.
Kramer’s-Kronig analyses yield the real and imaginary part of the dielectric function and were
used to show the presence of RE elements. When the difference between the imaginary part of

the dielectric constant from the RE-rich region and the bulk was studied, specific edges could
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be seen at the specific energy. As the spectra were subject to much mathematical processing,
errors propagate and increase; hence the experiments were repeated several times to check the
repeatability. The results were consistent with those obtained by X-ray analysis.
High energy loss spectra were also collected to see whether it was easier to observe the RE
edges present at high energies. This was confirmed when Hf (M,,s) and Y (L,,3) edges were
observed at 1560 and 2060 eV respectively. Usually these edges were accompanied by a Si K
edge at 1670 eV. Si could have become incorporated during the oxidation of the alloys in the
furnace.
O edges from the GB’s were compared to that of the bulk to see whether there was any
difference in the near edge structure. No statistically significant difference was found. Hence it

is assumed that the O was in the same state at the GB and in the bulk.

7.7.2. Lattice imaging and EELS

Alpha-alumina grains were oriented to one of the poles and lattice images recorded. These
images showed random bright spots distributed across the GB’s. The intensity in the bulk was
quite uniform, whereas over the GB’s there were sites which showed brighter intensities. As
the intensity in HAADF image is directly proportional to the atomic number, these intensity
spots are probably from the heavier atoms. To verify this, EELS spectra were collected from
these spots and examined for edges.

It was not possible to collect the spectra from single spot due to the effect of beam damage and
hence spectra were collected manually moving the beam over different bright spots. The EELS
spectra collected from these bright spots showed they were from Hf and Y, these were again
repeated to compare the results and they were consistent with each other. Hf (My,s) and Y
(L,,3) edges were observed at 1560 and 2080 eV respectively in the spectra obtained from most
bright regions.
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7.7.2.1. Intensity in the HAADF lattice image

To estimate the intensities arising from a few atoms and whether it was possible to detect a
single RE atom present at the GB representation, Multislice simulations were carried out.
These were carried out for an alumina grain oriented on a C-axis and then by substituting one
of the Al sites with the RE atom in order to see whether it was possible to detect any change in
intensity. Figure 7-12 shows the HAADF and BF simulated images of a hexagonal closed pack
structure with Al ions and O ions substituted at similar sites as in the alpha alumina grain. For
the first multislice calculation only two slices were used, one with Al ions and another with O
ions in an HCP arrangement. The stacking sequence used in calculation was 10 (ab), where a is

the Al ion slice and b was the O ion slice.
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Figure 7- 12 Multislice simulated HAADF and BF images without a RE.

Figure 7-13 is the simulated HAADF and BF image of the same HCP structure when one of

the centre Al ions was substituted by an Hf ion under similar conditions to the previous one.
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As can be seen from the HAADF image only Hf sites were visible, whereas there is hardly any

intensity from the Al and O sites.
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Figure 7- 13: HAADF and BF simulated image with a RE.

In the next approach a much larger cell was used for calculation ( 4 x 4). As can be seen from

the Figure 7-14, there was a clear difference in the HAADF and BF images generated after

simulation for the same thickness.
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Figure 7- 14: Multislice simulated HAADF image with a RE. RE ion substituted at an Al site.

Figure 7-15 shows the HAADF image from multislice calculation of the alpha-alumina grains
with Hf ions at different depth in the sample. As can be seen from the calculations intensity of
Hf sites keeps increasing as it moves deeper in the sample and was maximum at the exit
surface and intensities at O sites keep decreasing and Figure 7-16 shows the corresponding BF

image .
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Figure 7- 15: Multislice simulations showing the effect of Hf position in the alumina lattice and the
graph showing intensity variation with Hf sites in the lattice.
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Figure 7- 16: Multislice calculation showing BF image and intensity variation for Hf ion with
respect to its position in lattice.
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Figure 7-17 shows the HAADF image from multislice simulation of alumina cell with a top
and bottom slice containing Hf ion. The difference in intensities coming from Hf ion in top and
bottom slice is quite clear and again it can be seen the intensity coming from Hf ion near exit

surface is considerably higher.

Hf ion in top
slice of the
calculation

Hf ion in
bottom slice
of the
calculation

Figure 7- 17: HAADF image multislice simulation with Hf ion in the top and bottom slice of the
calculation.

The multislice calculations were then repeated for an alpha-alumina structure oriented on a C-
axis ([0 0 0 1]). The number of slices used and positions of different ions on the slice is shown
in Appendix 3.

Figure 7-18 shows an HAADF and BF image from multislice calculation of alpha-alumina
grain without any RE additive and Figure 7-19 shows an HAA DF and BF image with an RE.
The results obtained were similar to those obtained for the simple HCP structure with RE.
Only Hf sites show an increase in bright contrast. However the positions of Hf and Al ions

could be seen in the BF image.
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Figure 7- 19: HAADF and BF image with a RE.

Hence the above simulations showed that a single atom of RE should be detected in an alumina
lattice.

The effect of beam damage plus ion mill damage was studied on the alumina scale and it was
found to be large on the thin regions of the sample. The electron beam was found to displace
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the RE ions from the grain boundary to the bulk of the sample. It was difficult to say, whether
they moved into the bulk of the sample or were segregated to the vacuum surface of the scale.
It would be easier for the RE ions to move over to the free surface rather than moving through
the bulk, which would require higher energy. This would also complement the dual peak
observed in Line scans which showed segregation to the top and bottom of the scale. The beam
damage was only observed in the regions which were thinner than 60 nm and usually near the
hole in a TEM sample. The electron beam did not seem to have the same effect on the regions

away from hole, and regions which were 80 — 100 nm thick.
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8. Conclusions and suggestions for future work

This first study of oxide scales formed on important technological alloys has demonstrated the
potential of the SuperSTEM to achieve higher spatial resolution and accuracy, and indicates
that further development of this instrument is essential if we are to understand the detailed

segregation mechanisms involved.

8.1. Cyclic oxidation of alloys
» During high temperature oxidation at 1250°C the high purity model alloy M11
with Y, Hf and Zr as additives showed a higher growth rate compared to
commercial alloy Kanthal A1 with only Zr.
» The model alloy (M11) showed better adhesion and did not spall, whereas the

Kanthal A1 alloy started to spall after about 90 cycles.

8.2. TEM and EDX analysis
» EDX analysis in the TEM showed the presence of yttrium and hafnium at the
oxide grain boundaries and individual hafnium-rich crystallites precipitated in
the outer region of the scale.
» Electron diffraction pattern indicated that the columnar alumina grains were
oriented near the C-axis with a small degree of rotation indicating a fibre

texture.
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8.3. STEM and EDX analysis

» EDX results from STEM verified the results obtained by TEM at much higher
spatial resolution (i.e. segregation of yttrium and hafnium ions at grain boundaries)
and also the presence of hafnium-rich particles.

> Hf and Y start segregating after the transient stage and continue to segregate till
saturation. The average values of Hf and Y found at GB’s away from RE-rich
particles were 7+ wt. % and 1+ 0.5wt. % respectively.

» The GB’s which were connected to the small particles (average diameter less than
20 nm in size) showed a large variation in the region of 12+3 wt. % Hf and 3+0.8
wt. %Y.

» The GB’s which were connected to the large particles (average diameter greater
than 20 nm in size) showed an average of 1.5+1 wt. % Hf and 0.3£0.2 wt. % Y.
There were few boundaries which did not show any Hf or Y.

» There were RE-rich particles found near the equiaxed region. These particles were
found to be rich in Hf, average composition being 88+2 wt. % Hf and 6+1 wt. % Y
and empirical formula being (8Hf, 4Y) 110,.

» The growth mechanism proposed for the growth of these RE-rich particles is by
absorbing Hf and Y from GB’s. These particles grow till there is no Hf and Y

present at the GB.

8.4. SuperSTEM and EELS
» Lattice image collected from the alpha-alumina grains showed the presence of
bright regions and individual bright spots. Bright regions observed were along the
grain boundaries and indicate the presence of individual columns of ions

containing heavier reactive ions.
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» EEL spectrum collected from these bright regions showed the presence of Hf and
Y along the grain boundaries. Low loss edges were observed after processing of
the spectra using Kramer’s-Kronig criteria. Edges at high loss were observed by
fitting a background curve to the recorded spectrum.

» Multislice simulation carried out on alumina grains showed that a single atom of
Hf could be detected. Intensity from the heavier reactive ions present at the exit
surface were higher than those observed if reactive ion was present on top or
somewhere within the sample.

> Beam damage effects were observed on thinner regions in and around the central

hole in the sample but this was less obvious in regions away from hole.

8.5. Suggestion for future work
Much work is still needed to be done in order to understand the RE effect. The first study of
oxide scales formed on important technological alloys showed the potential of the SuperSTEM
to achieve higher spatial resolution and accuracy, and indicates that further development of this
instrument is essential if we are to understand the detailed segregation mechanism involved.
High angle annular dark field (HAADF) imaging of the alpha-Al,O; grains has provided some
of the answers to the question of grain boundary segregation. But there are still a few questions
which remain unanswered and would seem worthwhile trying to answer. For example:
1) If another RE is present along with Hf and Y, how would that affect the segregation to
GB.
2) Since the alloy had a similar amount of Hf and Y present, it would prove useful
studying the alloys with varying compositions of Hf and Y.
3) The technique could be further utilized to study the concentration profiles over

different GB and across different GB’s connected via RE-rich particles.
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Cross-section samples could be looked at to see the depth profile of these RE’s and
how they vary and affect the growth rate of the scale.

The SuperSTEM 2 could be used to perform tilting experiments as it will have a larger
tilt angle of &+ 35°. This would provide a better understanding of the RE distribution
over a grain boundary and would help in understanding the anomalies observed in
current research.

The oxide-rich particles formed could be studied in detail to understand the
compositions and growth over varying periods of time, with different amounts of RE
and varying numbers of RE additives.

The metal-oxide interface could be studied in order to understand the transport
mechanisms of RE’s from the bulk to the interface and then to the oxide grain
boundaries.

The effect of impurities at the atomic level could be studied in order to find the

segregation sites for impurities at the metal-oxide interface.
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Appendix 1
Scripts used for cleaning HAADF image.

» Hi- Low filter*

Image ILLowPass( Image image )

{
number width, height

GetSize( image, width, height )

// This is inefficient in that it copies the
// data, but it allows me to match the data
// type easily.

Image result = image
SubArea image$ := image[ 1, 1, height - 2, width - 2 ]
number nf = 1/9

result[ 1, 1, height - 2, width - 2 ] =nf * (\
offset( imageS, -1, -1 ) +\
offset( imageS, -1, 0) +\
offset( imageS, -1, 1) +\
offset( imageS, 0,-1) +\
offset( imagesS, 0,0 ) +\
offset( imageS, 0, 1 ) +\
offset( imageS, 1,-1)+\
offset( imageS, 1,0) +\
offset( imageS, 1,1))

return result

}

I
// This function performs a 3x3 sharpen (high pass filter)
// on the given real image and returns a new image that is
// filtered.
/
Image ILHighPass( Image image )
{
number width, height

GetSize( image, width, height )

// This is inefficient in that it copies the
// data, but it allows me to match the data
// type easily.
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Image result = image
SubArea image$S := image[ 1, 1, height - 2, width - 2 ]

result] 1, 1, height - 2, width - 2 ] =\
9 * offset( imageS, 0,0 ) -\
offset( imageS, -1, -1) -\
offset( imageS, -1, 0) -\
offset( imageS, -1, 1) -\
offset( imageS, 0, -1 ) -\
offset( imageS, 0, 1) -\
offset( imageS, 1,-1) -\
offset( imageS, 1,0) -\
offset( imageS, 1, 1)

return result
}
Image ILSharpen( Image image )

return ILHighPass( image )
¥

// Examples of use:

Image front := GetFrontImage()

ShowImage( ILLowPass( front ) )

ShowImage( ILHighPass( front ) )

ShowImage( ILSharpen( front ) )

» Reduced stripes”

string prompt = "pick two images, the image to be cleaned and its profile"
string title = "reduce images strips"

string img_title =" reduced strips"

image image_a

image image b

image image_c = Reallmage("Average Profile 2 ", 4, 1024, 1)
image image d
NUmber width_a, hight_a, width_b, hight b, x, y, value
String name

GetTwolmages WithPrompt( prompt, title, image_a, image b)

GetSize(image_a, width_a, hight_a)
GetSize(image b, width_b, hight_b)

Appendix
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IF (hight a=1)
{

value = mean(image_a)

image ¢ =image a/ value
SetName (image_c, "Average Profile")
ShowlImage(image c)

image d :=image b.ImageClone()
name = GetName(image_b)

For(x = 0; x <width_b; x++)

{
For(y =0 ;y <hight_b; y++)
{

if (spacedown())

{
Throw("Procedure aborted")

exit(0)
}

Number value = GetPixel(image b, X, y)
Number shift = GetPixel(image_c, X, 0)
SetPixel(image_d, x, y, value/shift)

ELSE

value = mean(image b)

image c =image_b/ value
SetName (image_c, "Average Profile")
ShowImage(image_c)

image d :=image_a.ImageClone()
name = GetName(image_a)

For(x = 0; x <width_a; x++)
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For(y =0;y <hight a;y++)
{

if (spacedown())

Throw("Procedure aborted")
exit(0)
}

Number value = GetPixel(image_a, X, y)

Number shift = GetPixel(image_c, y, 0)
SetPixel(image_d, x, y, value/shift)

SetName (image _d, name + img_title)
ShowImage(image d)

*www.gatan.com/scripting
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Appendix 2
Calculation of numbers of atoms

Assuming a fixed area and thickness of the sample, approximate number of unit cells
can be calculated.

Area analyzed * Thickness
No. of unit cells =

475*4.75*12.98

200 * 200 * 600
No. of unit cells =

4.75*4.75* 12.98

No. of unit cells = 81950

From number of unit cells the approximate number of Al and O ions present can be
calculated. As each alumina cell has 12 AI’*and 18 O ions.

As we know the atomic percent of each element present in the fixed volume. It could
be used to calculate number of ions present in that fixed volume.

For example if we assume only 3 elements are present (Al, O and Hf) and we
can form three quadratic equations if atomic percents are known,

For Al,

27 (x) = (Al At. %) [ 178.5 (2) + 27 (x) + (16 (¥) ]
For O

16 (y) = (O At. %) [ 178.5 (2) + 27 (x) + (16 (¥) ]
For Hf

178.5 (z) = (Hf At. %) [ 178.5 (2) + 27 (x) + (16 (¥) ]

Solving the above equation for the variables x, y and z would result in number
of respective ions.

Similar calculation were carried out for the elemental compositions obtained
from the fixed volume during GB analysis.
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Appendix 3
Multislice simulations.
Slices used for a-Al,O; calculation
» Slice 1

4.7600 3.1800 4.3300
0
8
0.5000 0.3333 0.0000
0.5000 0.6666 0.0000
1.0000 0.1666 0.5000
1.0000 0.8332 0.5000
0.5000 0.3333 1.0000
0.5000 0.6666 1.0000

» Slice 2

4.7600 3.1800 4.3300
0

13

0.2500 0.0000 0.0000
0.2500 1.0000 0.0000
0.2500 0.0000 1.0000
0.2500 1.0000 1.0000
1.0000 0.5000 0.5000

8

0.5000 0.6666 0.0000
1.0000 0.1666 0.5000
0.5000 0.6666 1.0000
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» Slice 3

4.7600 3.1800 4.3300
0

13

0.2500 0.0000 0.0000
0.2500 1.0000 0.0000
0.2500 0.0000 1.0000
0.2500 1.0000 1.0000
1.0000 0.5000 0.5000

8

0.5000 0.3333 0.0000
1.0000 0.8336 0.5000
0.5000 0.3333 1.0000

» Slice 4 (An Al site substituted by Hf)

4.7600 3.1800 4.3300
0

13

0.2500 0.0000 0.0000
0.2500 1.0000 0.0000
0.2500 0.0000 1.0000
0.2500 1.0000 1.0000

72
1.0000 0.5000 0.5000

8

0.5000 0.6666 0.0000
1.0000 0.1666 0.5000
0.5000 0.6666 1.0000
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Parameter used in calculation

Type in the stacking sequence :
20(abc)

Type in the name of 3 atomic potential layers :

Name of file with input atomic potential a :
1.tiff
Name of file with input atomic potential b :
2.tiff
Name of file with input atomic potential ¢ :
3.tiff

STEM probe parameters, VO(kv), Cs(mm) df(Angstroms), apert1,2(mrad) :

10000024

Magnitude and angle of 2-fold astigmatism (in Ang. and degrees):
00

Magnitude and angle of 3-fold astigmatism (in Ang. and degrees):
00

wavelength = 0.037014 Angstroms

Size of probe wavefunction Nx,Ny in pixels :

512 512

Crystal tilt x,y in mrad. :

00

Do you want to calculate a 1D line scan (y/n) :

n

Number of detector geometries :

2

Detector 1: Type, min,max angles(mrad) of collector :

030

Name of file to get output of result for this detector:

bf.tiff

Detector 2: Type, min,max angles(mrad) of collector :

Appendix
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Appendix
70 210
Name of file to get output of result for this detector:
haadftiff

xi,xf,yi,yf, nxout,nyout :

030030512512

layer a, cz = 2.000000

layer b, cz = 2.000000

layer ¢, cz =2.000000

Size in pixels Nx x Ny = 1024 x 1024 = 1048576 total pixels,
lattice constants a,b = 47.599998 x 31.799999

Total specimen thickness = 120 Angstroms

Number of symmetrical anti-aliasing beams in trans. function = 244523
with a resolution of 0.139453 Angstroms.

Number of symmetrical anti-aliasing beams in probe = 61121

output file size in pixels is 512 x 512
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