Scanning transmission electron microscopy
characterisation of carbide precipitates in steel

Bianca Sala

Submitted in fulfilment of the requirements for the Degree of
Doctor of Philosophy

School of Physics and Astronomy
College of Science and Engineering

University of Glasgow

M University

of Glasgow

May 2019






Abstract

High strengthmicro-alloyed steels are used extensively in a number of industries such as car
manufacturing. The properties of these steels, including their high strength, are caused in part
by the formation of nanoscale precipitates during thermomechanical procedsittige case

of the steels examined in the work reported in this thesis, the microalloying elements added
to the steel were titanium, vanadium and niobium. During hot rolling, these combined with
carbon and nitrogen to form stable carbides, nitrides andoaitrides.

Many steel properties depend on the size, distribution and chemistry of these precipitates,
which in turn depend on the exact thermomechanical processing steps used during
manufacture. The overall aim of the project was to understand how tmebooation of Ti, V

and Nb influences the properties of bainitic steels and characterise the precipitation at
different stages during manufacture. Electron microscopy techniques have been used to
characterise the distribution, size and chemistry of thesecjpitates. This involved two
different approaches, both using electron energy loss spectroscopy (EELS). First, large areas
of steels were mapped using lelass EELS. This allowed us to identify areas rich in
precipitates, image their distribution and obtaa measurement of their size distribution as
absolute volume fractions. The results from this are presented in Chapter 4 of this thesis. To
process this data and obtain results from precipitates smaller than 1nm in diameter, a method
to analyse the lowoss datasets has been developed as part of this PhD. This is detailed in
Chapter 3. Once areas containing precipitates had been found, some of these were picked for
more indepth quantitative chemical analysis using DualEELS. A series of results fentiffer
types of precipitates found in a range of steel samples is detailed in Chapter 6. Again, the
method used to analyse these datasets was partly developed as part of this PhD and is
described in Chapter 3. It uses a multiple linear least squares fitfppyoach where
experimentally obtained crossections are fitted to the precipitate data. The results of this
are then used to quantify the exact chemistry of the precipitates. The details of the
measurement of these crossections, and the method used tbdtain them, are presented in
Chapter 5.

For the first time, we have been able to perform large area volumetric analysis coupled with
detailed analysis of the chemistry of individual precipitates. This gave us the ability to track
the precipitate formation resulting fromthe manufacturing process while while ohtaig

both a statistically significant overview and fine chemical detail. This has clear applications to
the future of steel processing and other reactions involving precipitation or formation of
nanoscale chemical inhomogeneity in materials.
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Chapter 1

Introduction

1.1. Introduction to project

Over the last few decades, alloy steels have been used for a variety of industrial applications
where highstrength is needed, such as in the automotive industry. One of the reasons they
have an increased strength is the formation of nanoscale precipifates the addition of
microalloying metals such as niobium, titanium or vanadidm During the hot rolling of
steels, the microalloying elements combine with the carbon and nitrogen present in the steel
solution to form stable carbide, nitride and carbonitride precipitafgs These precipitates
stop or slow down the movement of dislocations or defects in the iron lattice, causing the
material to harden. The size, structure and shape of the precipitates depend on the
thermomechanical treatment the steel is subjected to, in addition to the precise chemistry of
the steel[3].

Studes have been conducted to investigate how the properties of alloy steels can be
influenced by the addition of transition metal alloys such as the ones mentioned above.
Additionally, empirical models have been built with the aim to understand and contskth
precipitate sequencef4]. The effects of adding either niobium or vanadium to the steel
solution have been investigated in detail. However, the addition of titanium has been
investigated a lot less, with the same being true for combining all three metaks few
projects that have looked at titaniufalloyed steels have found that this leads to the
formation of titanium nitride precipitates. These precipitates trap free nitrogen in the
investigated steels, which improved their toughness. They have alsem lsbown to
strengthen lowcarbon content bainitic steels. Similarly, vanadium is used to strengthen
ferrite (the body centred cubic form of iron) through vanadium carbide precipitation, and
niobium is used for controlling the grain growth of austenite¢aentred cubic form of iron)

by delaying its recrystallisatigh] [6]. Carbonitrides can start forming during the rolling of
austenite, which leads to a significant increase in the strength of the alloyed steel. A more
detailed literature review of the past research will be presented fertimto this chapter.

The properties of these alloyed steels are greatly influenced by small variations in the
manufacturing process, such as uneven cooling rates or differences in tempefatutdis
canlead to large deviations from the desired properti@st just from one coibf steelto
another, but also along the same strip of steel. As the steel is being strip processed in a rolling
mill to create strips, it is important that theroperties are constant throughout most of the
strip, if not all of it. Some recommendations on alloy compositions that will be insensitive to
such inevitable variations in processing conditions were considered esseytihle steel
industry. This is impdant as there is no control of the precipitation sequences along the
whole length of the steel strip. With industry manufacturers needing consistent properties,
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the nontuniform steel would fail quality control tests. This means that the strip needs to be
scrapped and remelted, leading to large financial and environmental [&jsts

In order to investigate the properties of these microalloyed steels under different
thermomechanical treatments, this projeéta / 2 Yy G NPt 2F LINBOALIA G GA 2y
NREffAY3I G2 AYLINROS LINPBRdAzOG dzy A T2 NXNA,loe 2F 0
PreTiControljvas set ugoy the European Commission under the Research Fund for Coal and

Steel (RFCS), in a consortium led by CRM in Belgium and including partners frof@BIFgin
Germany(Thyssehrupp), Belgium(CRM and OCA&)d the UK Tata Stekand the University

of Glasgow)It aimed to understand how the combination of titanium, niobium and vanadium
influences the structure and properties of high titanium hot rolled bainitic steels while they

are being manufactured. The structure of bainaad other types of steel encountered during

this project, will be explained later in this chapter. The influence of these elements on how
austenite recrystallises and bainite undergoes phase transformations was investigated by a
range of techniques as paof the overall project.

At the University of Glasgow, we have focused on analysing the distribution of precipitates
within the steel matrix, measuring their size and accurately quantifying their chemistry. This
was done using Electron Energy Loss Spsctyoy (EELS) in the Scanning Transmission
Electron Microscope (STEM), which will be discussed in detalil.

1.2. Structure of the thesis

The research presented in this thesis revolves around acquiring electron energy loss
spectroscopy (EELS) spectrum images uddé&Trent acquisition conditions and analysing
them to obtaininformation about precipitates within steel matrices. This incluldege area
distribution maps, particle size distribution orthe accurate chemistry of precipitates.
Investigations in theseiffierent areas will all be presented in this thesis, with comparisons
being drawn between different types of steels.

The thesis will start with a brief discussion of the wzarbon system and its different phases

as related to this research, followed hydiscussion of precipitation in steels and the effects
of their formations on the steel properties. Different methods of imaging precipitation will be
compared, and the gaps in the current research that will be filled by what is presented in this
thesis wil be identified.

Chapter 2 will begin with a discussion of focused ion beams (FIB) and the sample preparation
techniques used in this thesis. The FIBdift methods used to prepare transmission electron
microscopy (TEM) crosections as well as needsamples will be presented in detail. This

will be followed by a discussion TEM, with an emphasis on scanning TEM (STEM) as it relates
to this project. Electron Energy Loss Spectroscopy (EELS) data was acquired throughout the
project, and the principlesdhind EELS, the spectrum components and the instrumentation

are presented towards the end of Chapter 2.
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Chapter 3 discusses how the EELS data acquired using the equipment described in Chapter 2
was processed and analysed. It begins by discussing thésedfesispersion notlinearity and

why it needso be corrected. It is therfollowed bya discussion atandard noise reducing

steps these involveemoving noisy channels at the spectrum edges and reducing the volume

of the data using Principal Component Analysis (PCA) by decomposing it and reconstructing
using just the components that are rich in signal and mainly Aiogse Next, the methods
usedto quantify EELS data of precipitates are presented. This method development was
started during a previous PhD projg®& and has been improved significantly during this
research. Next, the steps used to measure the size distribution of precipitates in large area
maps are dscribed.

In Chapter 4, the large area ldass mapping used to identify precipitates and measure their
size distribution is introduced. This has been applied to two different types of steels. The first
one was a tempered martensite series of steels & shhme composition, provided by CRM,
where we compared the precipitation of four samples tempered for different amounts of
time. Next, a steel of different composition and thermal treatment, provided by CEIT in Spain,
was analysed anbriefly comparedto the OCAS serie$he distribution of the precipitates in
each of the steels was calculated.

Chapter 5 introduces experimental celessEELSrosssections for the constituents of the
carbonitrides and demonstrates the need to use them in preference toorétecally
calculated ones. The first part of the chapter discussed the TiC, TiN, VC and W¢ctioss

and why it is essential to use experimental backgrounds rather than the usual fewer
backgrounds. The second part of the chapter discusses thesss calculating the NbN and
NbC experimental crossections and presents some calculated data, while also discussing the
uncertainties and possible future improvements. These ceestions are then used for
guantifying the chemistry of a few selectedepipitates, with the results thereof being
presented in Chapter 6. Results for both (Ti, V) and Nb steels are presented in detail.

Chapter 7 concludes the thesis by summarising what has been achieved and providing
possible ways to take the research fomgda

1.3. Literature review: precipitation in steels

1.3.1. The Fe; C phase diagram

Carbon steels represent one of the largest classes of alloys used in the world. At a basic level,
steel is a mix of iron with a small amount of carbon (up to 2.1%). ABqtlne iron-carbon

solution cools down, three solid crystalline phases can usually be observed, depending on
temperature, composition and cooling rates: bedyS y it NE R Odzo A O-irah (the/ 0 F SN
basic structure is shown in Figure 1.1 a), feeptredOdzo0 A O 0 C/ / dGiror-(tiebasBy A (1 S ;
structure is shown in Figure 1.1 b), and cementite@}&training the BCC structure can lead

to the formation of a body cdred tetragonal one (BCTg.ementite can form when carbon is
precipitated from solid glutions of ferrite or austenite, and is very stable once it has formed

3].
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Ferrite and austenite form at different temperatures and compositions, with the equilibrium
between the two phases and its temperature and carbon content dependence being altered
by the addition of alloying elements or impurities from the original feedstoc

Figure 1.1 Diagram of two different cubic structures of steel, a) the body centred cubic structure of
ferrite and b) the face centred cubic structure of austenite

The equilibrium phases in the irgrcarbon steel system are often shown on a phdisgram,
where their dependence on composition (ie. carbon content) and temperature of the solution
can be easily shown. A schematic phase diagram of tleeG-eystem can be seen in Figure
1.2. The lines delimitating the individual phases on the diagraen kmown as phase
boundaries. When one of these lines is crossed, either by altering the amount of carbon or by
slowly changing the temperature of the solution (or both), a phase transformation occurs
[10]. However, care must be taken when using phase diagrams as they only apply when the
phases a in thermodynamic equilibrium. For example, a loarbon steel can undergo the
phase transformation from austenite to ferrite (and pearlite, to be briefly discussed in the
following section) if the temperature is decreased slowly enough for the ferrilecamentite
phases to have time to form. If the drop in temperature is much faster, it could result in the
formation of metastable phases. The austenite structure allows for more carbon to be
dissolved within it than ferrite does, and in the case of tlwvstooling this extra carbon can
diffuse. However, at fast cooling rates no significant diffusion of carbon has time to take place
to form stable ferrite, so a metastable body centred tetragonal (BCT) structure that is
supersaturated in carbon gets formed.
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Figure 1.2 Schematic of the FeC phase diagram, showing the different types of equilibrium phases
for steel The steels discussed in this thesis have started in the austenite phase and have been cooled
down towards ferrite, often quickly so as theguld not form equilibrium phases.

1.3.2. Different types of steel
The carbon supersaturated BCT steel structure that was introduced at the end of the last

subsection is known as martensit€his forms when the austenite solution, in the high
temperature regionof Figure 1.2, is cooled rapidly at a given rate so that a distorted ferrite
structure can formThe excess carbon ends up distorting the BCC unit cell to form a tetragonal
one. A martensitic steel series was studied as part of this PhD, with the results being
presented in Chapter 4.

Another phase mentioned previously is pearlite, in reality a-phase lamellar structure of
ferrite and cementite[11]. When steel is cooled quickly and austenite deposes at
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temperatures below the range where pearlite forms but above those where martensite
formation occurs, another metastable phase known as bainite forms. Bainite is formed of
plate-shaped ferrite and carbides formed as a secondary rea¢tidn13].

There are more possible phases and microstructuresthese are the ones most relevant to

this research so the other ones will not be discussed here. However, even from this short
introduction to the different types of steel, it is clear that there is a complex range of phases
as well as microstructure thaan form in the Fe C solution depending on the amount of
carbon present, the temperature of the solution and the rates at which temperatures are
changed.

The different phases can have vastly different properties, making dgraarbon alloys
widespreadin their applications. For example, higlrength sheet steels are used by the
automotive industry to improve the safety of cars and reduce their overall weight, thus
improving their fuel efficiency. For this application, dpabse steels containing bofkrrite

and martensite have been used for their high strength and ducfiliy. The presence of
retained austenite during the plastic deformation of forming sheets brings an increase in
ductility and work hardeningl5]. Work hardening refers simply to the strengthening of a
metal as it undergoes a plastic deformatioWhile most common steels have a strength
around 200MPa, duglhase steels containing retained austenite have been found to have
strengths of up to 2000MPa or a 10x increase in strefigthmeaning they are more resistant

to being defomed from their original shapeThis can be achieved by adding relatively small
amounts of alloying elements. For this reason, high strength low alloy (HSLA) steels have
been widely used and investigated due to their properfes][17].

1.3.3. Basics of alloying and theffects of precipitation on steels

HSLA steels contain small amounts of microalloying elements, mainly other transition metals
such as titanium, to alter their properties. These metals will combine with the carbon in the
matrix and other elements such astrogen to form precipitates, which alter the steel
properties on a macroscopic scale.

Many of the properties of steels come from the fact that they are metals and so have metallic
bonding. In metallic bonding, the conduction electrons are free to mowarad the material

and are shared by the positively charged metal ions. This type of bonding leads to many of
the welkknown properties of metals. For example, the strength of the electrostatic attraction
between the free electrons and the metal cations ane that a lot of energy is required to
overcome it, leading to high melting points.

While strong, metalling bonding is not particularly directional. This leads to metals forming
close packed structures in which it is relatively easy for different pdrtiseocrystal to move
relative to each other. This causes dislocations to form and move through the metal, by a
process called slip. However, if dislocations can form and move easily throughout a structure,
it means that the structure is not particularbfrong, but it is tough and resistant to brittle
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and uncontrolled fracture. In the case of many types of steels, strength in an important
property and as such, the movement of dislocations needs to be slowed down and supressed.
This would effectively make much harder for part of a crystal to move with respect to
another part of the same crystal.

There are different ways to increase the strength of a steel and slow down the movement of
dislocations, with dispersion/precipitation hardening being one o tmost important.
Precipitation hardening by encouraging the formation of small carbonitride precipitates has
been commonly used for many years to increase the strength of hot rolled microalloyed steels
[18]. Some studies suggest that the strengthening effect is obtained when the precipitates
start nucleating in ferrite during or after the steel undergoes a phase transformation, with
precipitates having formed in austenite at high temperature before the phase transformation
to ferrite negatively affecting the strength by using up the limited amount of microalloying
elements in the solution available to form precipitad8]. However, other studies suggest
that precipitates that have formed in the higemperature austenite phase immediately
after the steel has beerolled can also contribute to the overall increase in strength of the
steel [19]. Apart from being able to form both in the ferrite and austenite pés the
precipitates can also nucleate during the austenite to ferrite phase transition, when they form
along the interface between the two phases as theyegest in the solution, which is called
interphase precipitation. However, the exact time in themafacturing process when the
precipitates form will lead to different distributions and will alter their effects on the steel
properties [20][21]. In fact, interphase precipitation has been identified as a common
mechanism in which carbonitrides form in miextloyed steel, with the particles forming
rapidly as theaustenitec ferrite interphase boundary moves through the solid solutj@g].

Strengthening the material by impeding dislocation motion is best achieved by the formation
of manysmall precipitates. However, the microalloying elements can also form much larger
particles, for example large cementite structures. The larger precipitates can also control the
possible size of austenite grains by suppressing the movement of grain baes)dard thus
restricting grain growth, or by functioning as nucleation points for recrystallisation of grains
in high temperature annealing after heavy deformation.

1.3.4. Ti, V and Nb carbide precipitation

As it has been briefly touched upon at the beginnifighes chapter, there is a relatively large
body of work investigating the precipitation behaviour of microalloying transition metals such
as vanadium and niobium, and the influence this has on the steel properties. There is a smaller
amount of publishedeasearch on the effects of titanium, with the consequence that its effects

on mechanical properties are less well understood. Furthermore, even less is known about
combining titanium with vanadium and/or niobium. All normally combine with the carbon in
the steel matrix, forming transition metal carbide precipitaf@8]. These metal carbides have

high hardness and melting points while not being particularly chemically reaf@dje
Additionally, the transition metals added as microalloying elements can also form nitrides
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when they remove any nitrogefrom the matrix (although this may be rather little in-Al
containing steels, as this forms AIN at an early stage in the processing). Manganese sulphides
have been observed during this project as well, in which case the manganese traps some of
the sulphur mpurities that would make the steel more brittf25] [26]. All these precipitates

tend to have an FCC roshilt structure[27], which when forming in BCC ferrite will stop them

from becoming circular (as when forming in FCC austenite) but wébid$®e platelike. Their
formation in both ferrite and austenite is shown in Figure 1.3, with orange and green showing
atoms in the steel matrix and purple showing the metals in the precipitate. The small black
circles represent the carbon atoms in theepipitate.
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Figure 1.3 The formation of an FCC carbide precipitate in austenite (FCC) and ferrite (BCC) showing
the difference in shape between the two resulting precipitalée green and oranggpheres
represent the steel matrix, the purple represents the metal in the precipitates and the black the
carbon in the precipitategigure made by Dr. lan MacLaren and used with permission.
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When the precipitates form in austenite, there is no differensestructure between the
matrix and the precipitates that would stop the precipitates from forming along bla¢hx

and y directionsHowever, when they form in ferrite, the difference in structure between the
FCC precipitate and the BCC matrix means ithiateasier for the precipitate to expand its
diameter along one axis than it is along the other one. This is because, along one axis, the
lattice parameters of the matrix and the precipitate match so growth is easy. However, along
the other axis they dmot so precipitate growth along that axis causes a lot of strain hence
requiring a large amount of energy which is why the precipitate is not growing along that
direction. This causes the precipitates to form as plates rather than spheres, following the
Baker- Nutting orientation relationshi28].

A comprehensive literature review conducted by Klinkenletrgl.[29] on the formation of

NbC precipttes in microalloyed steel suggested that the final rolling and cooling conditions

LI Fe& + &aGNRBy3a AyFidzsSyOS Ay (GKS F2NXYIdA2y 27F
interphase during phase transformations. One of the processing conditions ftmutod
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the formation of interphase precipitates. The precipitation ofastrinduced NbC can be

delayed by the addition of T80]. This was suggested to be due to reduced supersaturation

of Nb which is caused by stable (Ti, Nb) (C, N) remaining undissolved by reheating processes,
which then act as nucleation sites for (Nb, Ti) C.

1.3.5. Methods for imaging nanoscale precipitates in steels
Over the years, a few different methods to image steel piémies have been developed,
each having advantages and disadvantages.

Scanning Electron Microscopy, or SEM, can image large areas but can only provide
information about the surface layers of a sample. It also cannot provide any information
about nanosca precipitates within the sample, only about large precipitates at the scale of
several tens of nm, or larger. One of the first uses of a scanning electron microscope (SEM) to
study the precipitation of steels comes from 1957 when Wilson used it to imetpdes and
nitrides in a steel at different stages in the tempering prodéss.

Regular Transmission Electron Microscopy (TEM) studies of thin foils using diffraction contrast
also allow us to image large areas with very good resolution. However, there are many
sources of contrast and no chemical information is available. Baxglopments in TEM

made the imaging of large cementite particles poss|BB. Precipitates with sizes of about

20nm in diameter were routinely seen in the 1970s, however it was strongly suspected that
much smaller preipitates, of only a few nm in diameter, were forming in the steel matrix as

well. However, these were not easy to find with the imaging capabilities of the time and it

was only later that advances in microscope manufacture and analytical techniques ne@de t
analysis routind33]. For examplerows of precipitates were & in Nbmicroalloyed steels
Ad20KSNXYIffte KSER FT2N F aK2NI GAYS omnao
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Okamotoet al. [34]. The spacing between the planar rows of precipitates was observed to
increase with increasing isothermal holding temperature, however it was suggested that the
spacing between the rows of precipitates is likely to be affected by other conditions as well.
Some irregularly spaced precipitates also formed alongside grain boundaries. When the
hardness was measured with respect to holding temperature, it was seen to first increase
until reaching a maximum, and then start to decrease with further increasesripgeture.
Charleuxet al. [35] also looked at the interaction between precipitate strengthening and
dislocation hardening in a Nb/Ti HSLA steel using diffraction contrast TEM. Very fine (about
1nm) Nb/ Ti needle shaped precipiéat have been identified as causing strengthening, with
their nucleation and growth happening mainly on ferrite dislocations. Additionally, large TiN
precipitates (approximately 1um in diameter) were found, together with grain boundary
precipitates (about @nm in diameter) Furthermore, Rayt al. [36] was able to study the
precipitation in low carbon steel thin films and conclude that the addition of alloying elements
had a significant impact on how, when and where the precipitates form within the steel.

Another TEM imaging technique uses egtian replicas, where the steel matrix is partially
dissolved, the surface coated with a suitable material, and the precipitates and coating are
extracted from the steel by further dissolution. This material is often carbon, but aluminium
or copper can beused as well[37]. For example, it was used in making gtsire
measurements of lovcarbon highstrength steels with Ti, Nb and V added as microalloyed
elements[38]. Grain sizes between 1um and 5um were observed in four different types of
steel. Againyusing extraction replicas onean cover large areas and a large number of
precipitates can be extracted this way. However, all the microstructural contaxttine steel

is lost when the matrix is dissolved, there is always the possibility that the smallest
precipitates are dissolved and not extracted, and that the stoichiometry of precipitates is
changed during the extraction process. Additionally, as therim# completely removed,
volume fractions for the precipitates cannot be obtained.

Energy dispersive-day spectrometers available on commercial TEMs made some qualitative
and quantitative chemical analysis possif88]. Until recently, it has mainly been restricted

to point analysis, and the signal to noise ratio (SNR) is usually low. While some quantification
for heavier elements can be done, it is very difficult to quantify for carbwh rtrogen as

they are light elementproducinglow energy Xays that are easily reabsorbed in the sample
[40]. In the area of steel precipitatiorCravenet al. [41] looked at the precipitation of
titanium and niobium in aluminium containing HSLA steels and concluded that TiN tends to
form the cores of (Ti, Nb) (C, N) complex precipitates. The cooling rate apiplied steel

during manufacturing affected the ratio of Nb to Ti in the precipitate cores, with the ratio
being consistently smaller in the cores than overall in the steel. The cores were surrounded
by a phase forming at lower temperatures, with varyiognpositions such as Nb (C, N), NbC
and (Nb, Ti) C. However, they have also used EELS, described later, to study the structure of
these precipitatesThese are the types of precipitates that have been expected in the work
presented in this thesighis segregtion of Ti and Nb was also noticed by Pathsl. [42] in
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microalloyed plate steel, with a stable TiN centre forming surrounded by Nb carbonitrides.
Reheating the steels at different temperatures suggested a decrease in the Nb content as the
temperatures are increased. These results were also confirmed aglifterent method, this

time EFTEM, which will be explained later.

At roughly the same time in the 1970s and 1980s -agyXsystems started being routinely

used, electron energy loss spectroscopy (EELS) was introduced. In EELS, the amount of energy
electrons lose when interacting with certain parts of the sample is measured. Initially, only
EELS point analysis was possible with serial spectrometgtts the acquisition of a full
spectrum taking a long amount of tinjé3].

By recreating an image from the electrons that haassed through the slit, a map showing
where in the sample they have come from could be created. This is the main result of Energy
Filtered TEM, introduced in the 199(%4]. In EFTEM, the electrons being detected are first
filtered so only those within a narrow range of energy losses are allowed to reach the detector
and form the imagd45]. A common method used to create EFTEM images is the-three
window method, where a narrow energy window is recorded to span the edge of interest,
with two background windows before thedge being recorded as well. A background in the
area of the edge is then extrapolated from the two background windows and subtracted,
leaving only the signal from the edge. This is then used to create a map showing the position
of the imaged element witim the mapped are§46]. The three windows and the background
extrapolation are shown schematically in Figure 1.4, with theqatge backgroundms blue,

the extrapolated background shown in green and the signal used in mapping shown in orange.

A

Counts

P
Energy Loss

Figure 1.4 Diagram showing the-@indow method for mapping elemental edges using EFTEM
two pre-edge windows allow for the background to be extrapolated to the region under the edge and
then subtracted from the total signal, leaving only the signal from the edge béhiude made by
Dr. lan MacLaren and used with permission.

EFTEM alload the imaging of carbon and nitrogen distributions alongside those of the metals
[47]. Large areas can be mappaddthe precipitates are leftvithin the matrix, meaningthat

27



the relationship between precipitates and the microstructure is preserved. However, faint
signals from small precipitates are often hard to detewith different sources of contrast
contributing to the final imageThis makes itncredibly difficult to qantify the chemical
compositionof particlesusing EFTEMEFTEM has been used to quantify precipitate size
distributions in a creep resistant 9% chromium steel used in fossil fuel power plants by
mapping the chromium and vanadium eddd$]. Precipitates of the type bG and MX,
where M represents one of the metdnd X a nommetal, have been identified, with the first
type having diameters in the 5000nm range and the second type being much smaller, with
most precipitates identified being between 10 and 30nm in diameter. However, it was
assumed that the selecteakeas were representative of the entisteelstructure, which was

later shown not to be the case, suggesting that mapping larger areas at the same or better
resolution would be necessary. Hofer et[dR] quantified the precipitates in a 10% chromium
steel using EFTEM and made a distinction between the different types of precipitates that
form in the steel and the thermomechanical conditgotnat favoured their formation.

The next key development was the introduction of parallel spectrometers, also in the 1990s.
Thesespectrometers use a scintillator able to turn the signal from incoming electrons into
photons, and a detector (such as a C&&sitive to the position of the incoming photons.
Parallel spectrometers have the advantage of being much faster than serial ones in acquiring
data. There are a few things that differentiate parallel EELS from EFTEM, one of the main ones
being reported ly Krivanek et al. in 19950] being the role of the objective lens in imaging.

In EFTEMhe objective lens forms the images with the inelastically scattered electrons within
the narrow energy window as defined by the slit, with the illumination being set to parallel
rather than a small convergent bedbil]. These differences in the energy of electrons means
that chromatic aberations in the objective lens can have an important role in reducing the
resolution. On the other hand, in STEM the objective lens focuses the almost monochromatic
electron beam into a small probe that is then scanned across the sample, with the indlastical
scattered electrons then being collected without further imaging by lenses that could
introduce important chromatic aberration#berrationsdecrease the resolution that can be
attained when using EFTEM, and as an increase in collection angle canfigdidgr increase

in the effect of aberrations, it also limits the amount of signal that can be collected in EFTEM.
In current microscopes, EFTEM raises the microscope voltage so that energy loss electrons
pass through the posspecimen lenses in an idecdl way to the zerdoss electrons in a bright

field image. While EFTEM has been used extensively to map the position of precipitates within
steels before, as well as to obtain information about their chemical composition, the limited
resolution and colletion efficiency that can be achieved means that the smallest precipitates
might not be imaged effectively.

Unlike most of the methods introduced so far, EELS is best suited to analysis of smaller sample
areasof the order of less than 1umThis has advaages over EFTEM in that it allows better
spatial resolution, lower detection limits, and is less affected by crystallographic contrast. It
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is also potentially much more quantitative and with care and good SNR data, allows for carbon
and nitrogen analysis

EELS mappirttas nowbemme more automatic, with the next major improvement being the
introduction of EELS spectrum imaging (SI). alhasvs for the acquisition of spectra from
each pixel of the mapped area, thus building a three dimensional daf&g¢tIn 2010s,
DualEELS was introduced, allowing for r&arultaneous acquisition of thill energyloss
spectrum, whereas before it was only possible to collect either just the electrons with small
energy losses or those with large onfs3]. The introduction of DualEELS made the
guantification of electron energy loss data much more straightforwhydallowing he
collection of a full spectrum using the same experimental parameters

When it comes to using EELS to quantify the composition of precipitates, the usual method
was to fit a background before an edge of interest and a signal window over the edge and
integrate it, as described by Egertfs®]. However, this method depends on the choices of
windows made by the user and is not very accurate, as will be discussed in detail in Chapters
3 and 6 in this thesis. A different method makes use of theoretically calculatedsmotisns

for the edges tde quantified and fits them using a multiple linear least squares (MLLS) fitting
approach. There are different methods of calculating these theoretical s®s$ons, such as

the older hydrogenic model and the Hartr&tater ong55]. The method has been used with
hydrogenic crossections, for example, byllson et al.[56] in an attempt to quantify the
stoichiometry of vanadium carte, one of the precipitates expected to be found in this
research. However, the stoichiometry calculatesing an MLLS fit with hydrogenic cross
sectionswas a lot less than the known one obtained by chemical analysis, suggesting that
theoretical crosssedions are not the best way of accurately determining composition.
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guantification as well, as it has been described by Courtois g #4l.when studying the C/

Nb and N/ Nb ratios in nanprecipitates formed in ferrite treated under differenpnditions.

After analysing a total number of 90 precipitates coming from three different steel samples,
they identified precipitates as small as 3nm in diameter. Due to poor signal to noise ratio they
were not been able to quantify precipitates smalleratihabout 6nm. However, this work did
prove the presence of nitrogen in precipitates and was able to distinguish between carbides,
nitrides and carbonitrides.

While STEMEELS provides a way to accurately quantify particles inside a matrix, another
useful dternative is atom probe tomography (APT). For thisreedle shaped specimen is
neededandis placed under high voltage ivacuumchamber. Small impulses are applied on
top of the high voltage, which cause the ejection of individams Essentiallyipns from its
surface are evaporated and detected at the end of the cryo chamber some distance away.
The time of flight of these ions depends on theiass to charge ratiovhich gives access to
chemical information and the ability to create a 3D map & sample are§58] [59].
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Thesampled volumewhen using APare even smaller than that available with EBu8,APT

is significantly better for detecting small amounts of elements, since a very high fraction of
the evaporated ions are detected and quantifi&mall amounts of carbon in the matrix can

be detected, so the early formation of precipitates and carbon diffusion along boundaries can
be imaged. However, the volume statistics are poor due to the linvitddme being sampled

but the technique complements EELS particularly well.

Early studies were able to reconstruct the sample in one dimension, such stsidy by
Thuvander et al[60] that looked at the composition of a range of metal carbides. However,
limitationsin the detectors meant that many events where multiple ions were coming from
adjacent sites in the sample were not detected prdpe leading to lower carbon
concentrations than what was expected from the known stoichiomeisycarbon is one of
the main components in precipitates, this was a major issue with APT at the time.

As it is now possible to reconstruct the data in thremensions (3DAPT), the distribution of
precipitates within the steel matrix can be obtained more accurately. Nohrer g64].
combined 3DAPT and TEM tovéstigate the precipitation of vanadium in ferrite and
austenite after a series of therramechanical treatments. Precipitates were not found in the
austenite; however, two types were seen to have formed in the ferrite. Interphase
precipitates forming at he boundaries between different phases of thieel,were found to
contain vanadium, carbon and manganese while precipitates distributed randomly
throughout the ferrite matrix contained vanadium, carbon and nitrogen but no manganese.
In this case TEM wased to distinguish between areas of ferrite and martensite in the steel,
with diffraction pattens showing spots from both the ferrite and from some of the vanadium
rich precipitates.Kapoor et al[62] has used both STEM amPTto study (Nb,Ti)C and
(NDb,Ti)(C,N) precipitates in HSLA steels and found the amount of niobium decreasing as the
precipitate size increased. However, in some cases the whole precipitate could not be
captured usingAPT, and most precipitates captured werargjer than the ones we have
identified using our STEMELS method. In some cases, large discrepancies in the carbon
content of enriched regions in bainite measuredARTand by other methods such asr&y
diffraction (XRD) have been reported (Rememtetial. 2017)[63], with the APT consistently
reporting smaller concentrations of carbon than XRD. APT alone does not allow for the
complete identification of such carbon rich regions, and other forms of analytical electron
microscopy are ofte needed to reveal the nature of the phases being imaged. For very small
concentrations, the minimum concentration of carbon that could have been detected in the
matrix was limited by the sources of background signal. While these can be corrected for, the
procedure could introduce further errors. On the other hand, the SEHEUS method used in
this thesis was able to identify very small concentrations of a given element (errors of £ few
atomsacrosghe diameter of a precipitatein matrices of over 100nm ithickness.

Whileboth APT and STEM are useful technigues on their anaiysing the samsteelsusing
both techniquescan provide a lot more information. This has been suggested before by
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Craven et al[64] when also investigating vanadium precipitates in mialoyed steels using

APT and EELS. Combining both methods reduces or even eliminates the disadvantages of each
individualtechnique For example, STEM can give information about the microstructure of
steel such as the size of grainshile APT cannot. Similarly, the ability to map iniSDot
available in STEM but is an integral part of 3DAPT.

1.4. Summary
The aim of this European Commission funded project was to study the precipitation of
titanium in conjunction with niobium and vanadium in industrial steels.

While many methods of imaging precipitates do exist, they all have disadvantages. SEM can
image arge areas but can only provide surface information. Diffraction contrast TEM images
large areas of thin foils at high resolution but the many sources of contrast make
distinguishing precipitates difficult and there is no chemical informati®y.comparisn,

finding precipitates is much easigrhen using extraction replicafiowever the matrix is
dissolved during the extraction processanng thatthe relationship between precipitates

and the microstructure is lost.

Early developments in EELS and EFTEMed for better resolution and chemical mapping
when imaging precipitates. Further developments, such as EELS spectrum imaging and then
DualEELS, made accurate quantification possible. The sample volumes that can be imaged
with EELS are much smaller thdar example the volumes thatcan be imaged using
diffraction contrast TEM, but small precipitates can be easily detected, and their composition
investigated.

Even smaller sample volumes are imaged when using 3DAPT, however the technique allows
for smallamounts of elements to be detected which means precipitates can be imaged just
as they form. This technique works particularly well when combined with EELS spectrum
imaging.

At the University of Glasgow, we have used EELS to measure the distributeomndiz
chemistry of these precipitate3.he size and distribution were measured using-logs EELS

over large areas of the steel matrix. Once precipitates were identified, some were selected
for accurate chemical analysis using DualEELS. Significantgsbgsebeen achieved during

this research with both techniques, especially with the data analysis requiiee.next
chapter will discuss how the steel samples were prepared to allow imaging in the STEM, the
basic layout of a TEM and introduce the mairhteique used for imaging, EELS.
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Chapter 2

Sample preparation and Instrumentation

In order to be able to analyse the chemical structure and distribution of precipitates within a
steel matrix using scanning transmission electron microscopy (STEM), the steels need to first
be prepared as thin (<100nm) cressction sampleslheseareoften fabricated using focused

ion beam (FIB) techniques, particularly the FIBolift method, which has been used for the
preparation of each crossection (lamella) sample used during this PhD. Some samples had

to be prepared as needle specimens for elentrenergy loss spectroscopy (EELS)
experimental crossection analysis. Once prepared, the samples were imaged and analysed
using EELS in a JEOL transmission electron microscope (TEM) operated in scanning mode. This
has been possible thanks to the many ade@s in electron microscope instrumentation,
particularly aberration correction and Dual EELS.

This chapter begins by introducing the FIB microscope and describing a standatd lift
method in detail. During the course of the PhD research it becameljj@ssiprepare cross

section samples using both a xenon beam FIB in addition to the morestanding gallium

beam FIB, and the key differences between the two instruments are presented. The method
used for the preparation of needle shaped samples ismgsd. Following this, a description

of the standard TEM is givemdfollowed by a discussion of scanning transmission electron
microscopy (STEM). Finally, EELS is presented in detail, including the hardware used as well
as the many features in an EEL &pem.

2.1. Focused ion beam (FIB)
2.1.1. The FIB instrument

FIBs, and especially systems combining FIB and scanning electron microscopy (SEM), have
gained popularity in the last decades due to their ability to both preparesgezific samples

and imagethem at the same time. A major advantage is the fact that they can be used to
prepare crosssections from a large variety of materidl85]

The FIBSEM instrument consists of a vaen system and chamber, an ion source, an ion

column, an electron source, an electron column, a movable staafethe sample is placed

up on and a range of detectors. The ion source is usually a liquid metal, most commonly
gallium[66], but more recently noble gases such as xenon as[@&[68]. Figue 2.1 shows

a diagram of the basic FIEBEM instrument with the components mentioned above. In the

case of the microscopes used during this P, Helios Xenon Plasma FIB and the Nova

Gallium FIBpoth manufactured by FEI (now Thermo Fisher Scientifie)ion column is at an

Fy3tS 2F pHe (U2 GKS StSOUNRY O2fdzyYys 6KAOK
seen from the diagram in Figure 2.1. This means that for the ion beam to be perpendicular to

the sample and mill straight down it, the stad- & G2 o6S GAft GSR a4 Fy |y
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Figure 2.1Schematic diagram of a REBEM instrument showing the main componeitsluding
the ion and electron columns atitk position of a typical detector

Most FIBs accelerate the ions in the beam to energfegp to 30keV.The ion beam can
sputter (remove) atoms from the surface of the sample in a process known as nfithogs

is performed byan objectivdens(labelled Lens 1 in Figure 2.found in the ion column with
afurther condenser lenglabelledLens 2¥orming the beam. The lenses in the ion column of

a FIB are electrostatic rather than magnetic, as ions are much heavier than eletizons

much harder to move and steer using magnetic lenses. A moving set of apertures located
before the electostatic lenses can be selected from the user interface. These are used to
select from a range of available ion currents. Available currents usually vary from a few pA to
a few nA, with higher beam currents being available on xenon noble gas instrumeotgidp

[69]. Agas injector is used for injectirige platinum for deposition of the sample surface.

2.1.2. The FIB lifout method

The liftout approach was originally proposed by Overwgjlal. [70] and involves cutting a
crosssection of the materibusing different milling patterns, currents and tilt angles, using a
micromanipulator to lift the section from the bulk and then attaching it to a grid where it is
thinned down. Most of the milling is done with 30keV beam energy, with just the final steps
being done at lower beam energies of 5keV and 2keimove the surface damage caused
by the high energy beanThe beam current usually ranges between a few pA to a feByA.
tilting the stage atifferent tilting angledifferent faces of the samplean be exosed to the
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beam so the samplecan be thinned fromdifferent directions. The beam currents are
progressively reduced as the sample gets thinfigt]. The sample must be electron
transparentto be used in for STEMELS data acquisitioBuring this PhD, EELS data was
acquired using a 200keV beam ofalens, and in this case the sample had to be 100nm or
less in thicknest minimise the number of multiple scattering events the electrons from the
beam would undergo when going through the sample

The exact milling stepsave beeroptimisedto apply to the steel samples made during this
PhD withthe Helios Xenon PEIBDnce a suitable part of the sample has been identified, a
protective layer of platinum and carbon is deposited on top. First a small amount of Pt of
about 500nm in thickness eposited using the electron beam, then a thicker one (about
3um thick) is deposited using the ion beahie platinum layer deposited on the surface is
shown in Figure 2.2aJhe reason for this is that electron deposited Pt will form smaller metal
partides in the layer, making the milling steps undertaken later smodtf& Trenches are
then cut lengthwise on each side of the sample in a series of three,stafhsthe resulting
crosssectian shown in Figure 2. Using the nomenclature used in the FEI user interface
software and the parameters adapted for using the FEI Helios instrument with the Xe beam,
the steps are described below:

1. With the ion beam perpendicular to the sample (stage tilt angle of 52°) and a Regular
CrossSection milling pattern (mills a staircase shaped pattern), large trenches are cut
on each side of the lamella using high beam currents (59nA) with a 30keV beam. Th
beam has a diameter of about 2.4um, so the patterns were placed away from the
crosssection to avoid milling into it.
2. Still maintaining a stage tilt of 52°, rectangle patterns are now milled on both sides of
the sample. The same beam voltage is usedlie current is decreased to 16nA, with
the beam having a smaller diameter than before.
3. Lastly, a Cleaning CreSsction pattern (slowly scans a rectangular pattern towards
one side) is used. The beam current is decreased again to 9nA, making itsediamet
even smaller. Here the ion beam is not perpendicular to the sample anymore but
AYyaagSIR KFra | He Fy3aftS G2 SFOK 2F GKS al
tilts are used).
Next, the sample is separated from the bulk. First, side trenchesdled deep below the
fFLYSttl G2 | @2AR Rl YI-AKSH LIRR & KSdziE  Ayd I BIOR H5 EG 2
rectangles on the sides of the lamella, which leaves it attached to the bulk in only one place,
as shown in Figure Z).

A micromanipulator negle is then attached to the free side of the cresection using
platinum,and the entire section ithen milled free from the bulk. The micromanipulator and
sample are lifted away from the bulk, with the sample then being attached to a copper grid
using patinum deposition before being thinned down. Figurdd) shows the sample and the
micromanipulator (bottom of the image), together with the grid.
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Once the sample is attached to the grid it can be thinned. As the lifted-sexd®n is > 1um

thick, a bam of 30keV and high currents (59nA) were used in the initial stéps.was done

to mill most of the material away quickly to speed up the proc@$e beam currents are
progressively reduced, to 15nA and then 6nA. For uniform thinning, milling is done from both
AARS&® ¢KAA Aad | OKASOSR o6& GAfGAYy3d (GKS &l YLIX
have progressively smaller sections thinnedresbeam current is decreased, with only the

far end of the crossection being milled to the final thickneSshis is shown in Figure 2)2n

top-down view and Figure 2.2f) in sideew with respect to the ion beamh@ last section is

the thinnest andhe bright layer at the top of the image represents the protective platinum

layer that was left on the sample.

Figure 2.2 The FIB sample preparation process for a TEM-saxgon with a) the protective
platinum layer on the surface, b) the crassion after sidetrenches have been milled from the bulk,
c¢) the Jut to release the sample, d) the sample attached to the micromanipulator being moved
towards the copper grid, e) teghown view of the sample being milled down to electron transparency
and f)a sideview of the final thinned sample.
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lon beam milling introduces damage to the samples by surface amorphization, and ion
implantation can be a probia, especially in the case of GRIBY73]. This is minimised by
depositinga sacrificial layer of platinumt the beginningto protect the sample surface bug

not fully avoided. Therefore, for the final preparation steps the sample is cleaned using low
energy ion beams to reduce the surface damage and contamination induced by the previous
steps[74]d ¢ KA&a Aa R2YyS F2NJ aK2NI dGAYS&a dzaiay3da pilS
to the ion column.

2.1.3. Differences between Ga and Xe ion beams

There are many differences between using xenon plasma beams as compared to using gallium
beams. In many cases and material systems such as semiconductors, gallium implantation and
the damade to thesampleare major drawback. The use of a Xdoeam means tht gallium
implantation would not be an issU&5]. Additionally, with gallium there is the possibility of
chemical interactions with the sample being mill[@é]. With xenon being a noble gas, this is

not a possibility making noble gas beamparticularly attractivealternative in the case of
gallium sensitive materia[69].

The range of currents available differs greatly between the two types of beams, with a large
range from a few pA to a few pA available when using a plasma FIB. By comparison, a typical
Gallium liquid metal ion sourcdMIS) FIB has a much smaller range of available beam
currents, usually from around 1pA to a few tens of nA. In the case of xenon plasma FIBs, when
sufficient demagnification is available in the ion column,-86bm spot sizes are achievable

with a beam enggy of 30keV and a beam current of 1pA. At large beam currebtse 50nA,

the energy spread is such that the source exhibits higher beam current densities than the
LMISFIB[77][78].

When using lowcurrents, the restution of the Ga FIB is superior to that of the Xe FIB,
however the situation is reversed at high currents. This is simply due to the form of the ion
source, with the gallium source being a fine tip while the plasma source is a cavity with a
larger diamete exit aperture[69]. The large currents available when using a Xe FIB mean
that much faster bulk milling is possible, so preparing large structures is much more time
effective[79]. However, when milling with low currents, the Ga FIB produces more precisely
defined structures du¢o the better resolution as it has a smaller diameter beam.

2.1.4. Needle sample preparation

Needle shaped samplegere produced for calibration purposes, as explaine€apter 6.

The shape was chosen as@nicalsample provides a range of thicknesses over its length;
NRGFGAY3T GKS alyYLXtsS o8& done G2 | OldZANBE +y 1!
provides a direct measure of the thickness of the material in the spectrum image. The needle
sample has to taperotless than 100nm diameter, and manufacturing one with a perfectly
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circular crosssection given these requirements is difficult. The preparation method has been
adapted from the one used by Millet al. [80] to prepare atom probe specimens.

The initial preparation stages are the same as when preparing a-segisn sample usg

the FIB81]. A protective layer of platinum is deposited on the surface, followed by a section
of the sample being lifted out and deposited onto a TEM grid. However, instead of depositing
the section o the side of the TEM holder, it is deposited on top of the holeshown in
Figure 2.3Figure 2.3 showthe copperholder after it wasannularly milled to have a rough
circular shape firsfThis is the case as it was noticed that the sample depositstba holder
better this way.

HV curr  |WD det [HFW |mag B/tit  srot] —————40pm———
30.00 kV | 24 pA 16.5mm | TLD 104 um 2000x 0.0° 0° Helios PFIB

Figure 2.3 The sample being deposited on top of an annularly milled grid to be miller into a needle
shape.

Once the lifted section is deposited, an annular milling pattern was used to produce a sharp
needle. The initial outer diameter of the annular pattern is selected to be slightly larger than
the crosssection of the specimen being prepared. The inner dianahd the milling current

are then progressively reduced to get the desired diameter of the needle. While it is usually
suggestedfrom discussions with FEI application specialiia) the outer diameter is kept

at the same diameter throughout the sanegbreparation to minimise misalignments due to
small amounts of sample drift, it was found that decreasing it in incremental steps along with
the inner diameter is much more time efficient and does not affect the final sample. However,
care must be takenatnot move the pattern during or thetween milling steps and to keep it
centred on the centre of the needle being milled. Once a suitable diameter is reached, the
sample is cleaned with a low energy beam similar to esession samples.

The end radiusfahe specimen tends to be a few nm smaller than the final inner diameter of
the pattern due to the beam tails. Here a significant difference was noticed between using a
Gallium beam versus a Xenon beam. At the low currents required for the final annliiiag m
stages, the diameter of the Xenon beam is much larger than that of the Gallium beam, making
it more difficult to maintain the cylindrical shape of the sample while reaching an appropriate
diameter.
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Obtaining a thin enough needle sample from the er&ls needed for this research has been
a challenge, but the following have been found to help during preparation:

milling the top of the copper TEM grid into a rough circular post not much larger than
the section lifted from the bulk makes it muelsier to attach the sample to the post
before starting the annular milling
the sample is milled heigiwise and lost very quickly once the platinum layer
disappears, so adding a thicker sacrificial layer (approx. 10 microns thick) has helped
with decreasang the needle diameter at which the sample starts getting milled away
increasing the carbon content of the sacrificial platinum layer makes it much harder
to mill it away, so adjusting the flow of carbon from 2% to about 5% has helped.
Sample selection ignportant as well. Ideally, the sample should have a fairly high density
throughout. Some of the initial samples used for needle preparation in this research
contained many voids within the material, which meant that the needle would fail at a void
somewhee. A different bulk material was obtained, and the one containing voids was only
used for preparing TEM lamellas.

2.2. Transmission electron microscopy (TEM)

2.2.1. The use of electrons for imaging

The resolution of light or electron microscopes is lediby the wavelength of the radiation
used in imaging, be it or photons electrons. This resolution [ihis given by the Abbe
diffraction limit, where0 0 is the numerical aperture of the microscope ardis the
wavelength of the light used

Y — 2.1)

Assuming a typical wavelength of light of 500nm, the maximum resolution that can be
achieved given the Abbe limit is of 250nm. To achieve higher resolutiadmtion with
smaller wavelengths needs to be used for imaging.

In 1925, Louis de Broglie postulated that electrons behave as both a particle and a wave, with
a wavelength significantly smaller than that of visible lig{. The idea of using electrons in

a microscope was proposed not long after, with Knoll and Ruska first using the term in a paper
in 1932[82]. While heavier particles such as ions would, in principle, have even smaller
wavelengths, electrons have the advantage @hlg easy to produce and light enough to steer
and focus easily using magnetic fields.

Electron microscopesuipassed the resolution of light microscopes a year 1§&]. They
have continued to be optimised ever since, with resolutions of <2A with 200kV electrons
being achieved without aberration correction. In modern, aberrabonrected TEMs, a
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resolution of a few tens of picometers is possible, making atomic resolution routinely
accessible.

The basic outline of a transmission electron microscope consists of a source of electrons, a
condenser system, a sample, an objective lens, projector lenses alig &irsystem to detect
the transmitted electrons.

2.2.1. a) Electron sources

There are two types of electron sources that are bright enough to be used in an electron
microscopethermionic and fieldemission. Thermionic sources can be tungsten filaments o
more commonly now, lanthanum hexaboride (kpaBrystals[83]. These sources produce
electrons when they are heated. Field emitters are sharp tungsten needles and produce
electrons when a large potential is @led between them and an anode. Schottky emitters
combine the two by using both heat and field emission. The sources are part of what is called
Fy aStSOGNRY 3Fdzyé o

As the research presented in this thesis was done using a TEM with a cold field emiasion gu
(FEG), this will be the only type of source presented in more detail in thisesttion. A cold

FEG consists of a sharp tungsten tip followed by two anodes. The tip needs to be sharp in
order to enhance the applied electric field at the tip up to therpavhere electrons tunnel

out.

For field emission to be possible, the surface of the tungsten tip needs to be free of any
contamination or oxides, so the gun must be operated under titglh vacuum conditions.
In this case the gun is operated at roonYteJS NI G dzNB X KSy OS [84]KS Yy I YS ¢

This gun provides a narrow beatmowever, there are instabilities in the emission and the
extracted current does decrease with tim€ntamination on the gun builds up due to the

large electrostatic field in the gun area, with a negatively charged gun and a positively charged
cathode. Any molecules present in the area will be ionised, with the positive ion attaching

itself to the negatiely charged electron source, thus contaminating it. Thus, the tip must be
GFE I AKSRE NB3Idzf I NI @ o606& KSIFOGAYy3 oNRSTFEeEe Al
prevent contamination buitup.

2.2.1. b) The condenser system

The condenser system gsists of two condenser lenses, C1 and C2, as well asastiifilt
coils above and below the condenser.

The condenser system controls the illumination of the sample, with the gun-okessat the
condenser acting as a source for the illumination systéhe position of the C1 crosser,

as seen in Figure£a), depends on how strong the C1 lens is, with the job of the C1 lens being
to further de-magnify the beam coming out of the gun. The position of this eoves point

then affects the size of therpbe that the C2 lens can form, which then transfers the de
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magnified beam further down the column. A weak C1 lens will allow more current passing
towards the C2 lens, however, will give less source demagnification leading to a larger probe
diameter. Incrasing the strength of the C1 lens will lead to less current passing towards C2,
however it will cause more demagnification thus leading to a finer probe. The size of the C2
lens aperture determines how convergent the beam hitting the specimen is. A measure
GKAa A& GKS O2y@SNHSYyOS Iy3atS ho

The standard mode for operating in STEM involves a convergent beam being scanned across

the sample, which is illustrated schematically in FigudaRlUsing the upper polepiece of the

objective lens as a third condeédNJ £ Sya 3IAGSa € NBS O2y@BSNHSyYO
possible probe.

Above the C1 lens there are two gshift and-tilt coils which align the gun with the C1 lens.
Below the C2 lens there are beam tilt and shift coils, which align the beam conting tbe
C2 lens with the rest of the electron microscope column and towards the objectiveHens.
simplicity these have not been shown on the diagram in Figure 2.4.

In the JEOL ARM200 microscope used in this research, there is an aberration corrector
between the C2 and C3 lensekhis is shown as a single component in Figure 2.4a) for
simplicity but is composed of a series of elemeitisis will be described in more detail in
Section 2.3.3.
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Figure 24: a) Schematic diagram of the setup fmrnvergent beam TEShowing the condenser
lenses, spherical aberration corrector, objective lens, apertures and projection lenses and b) the
principal planes including the object, back focal and image plane.

2.2.1. c) The objective lens

The objective lenfocuses the electrons leaving the sample, forming the first magnified image
of the specimen. Once the electrons have interacted with the sample, those who have left
the object plane in the same direction are focused in the back focal, thus producing a
diffraction pattern. The back focal plane and imaging plane are shown schematically in Figure
2.4 b)
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In order to project an image on the detector, the object plane has to be the image plane of
the objective lens. This is achieved by adjusting the first-ppstimen lens.

The objective lens is significantly stronger than all the other lenses in a TEM. Usually, the
upper and lower polepieces are separated, meaning that both the specimen and an aperture
can be inserted between the polepieces into the centréhef objective lens.

2.2.1. d) Post specimen lenses

The postspecimen projector lenses magnify and project the image of the sample or its
diffraction pattern onto the detectorTogether they form the projection system as shown
schematically in Figure 2 Xavhere it includes the intermediate lens and the projector lens.
The coupling between the TEM system and the EELS system is provided by these post
specimen lenses, the programming of which has been optimised for specific applications in
the case of the asgow JEOL ARM200F used in this research.

2.2.1. e) Detectors and the charged coupled device (CCD)

Charged coupled devices (CCDs) are one of the most common methods used to readout the
signals available from a TEM. CCDs are made of arrays of manywtiiadsare individual
capacitors isolated from each other. The pixels accumulate charge generated by the incoming
electrons proportionally to the numbers of electrons hitting a given pixel. At their most basic,
CCDs convert light into charge. However, tleiation source in this case is electrons,
meaning that a scintillator must convert the incoming electrons into light first. In order to
create an image, the arrays need to be read. This is done by transferring the charge serially
from each pixel in the aay into the output at the edge of the chip. Once all the pixels have
been emptied of charge the CCD array can be exposed again and a new image recorded.
Often, the detection limits and the amplifier noise levels of the CCD is what limits the data.
For the higHoss spectrum where the number of counts is small, larger integration times are
needed to get an appropriate signal to noise ratio because of theeniatrinsic in the CCD
recording and readout.

2.3. Scanning transmission electron microscopy (STEM)
2.3.1. Outline

In STEMafocused electron beam is scanned across the sample in a raster pattern similar to
that of a scanning electron microscope, howeevn the caseof STEMt is the transmitted
electrons (or other signals) that are detected. Moving the beam in a raster pattern to scan is
achieved by adjusting the scan coils. In the case of STEM, the objective lens is used to focus
the beam. The size dfie beam, limited by diffraction and aberrations of the objective lens,

is the main limiting factor of resolution in the STEM.

One of the main advantages STEM has over TEM is that in STEM it is possible to use signals
which cannot be spatially correlatad the TEM. Examples of these signals are secondary
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electrons, higkangle incoherenthscattered electrons, characteristicrXys and, perhaps
most importantly for the research presented in this thesis, energy loss electrons.

2.3.2. STEM bright, annularagk and high angle annular dark field

In STEM, hte transmitted electrons are collected using annular detectors. Three annular
detectors are routinely used for image formation in a STEM: the bright field detector, placed
on the optic axis, the annular dafikld detector and the high angle annular dark field (HAADF)
detector.

The ADF detector images the electrons that have been scattered by small or medium angles.
The HAADF detector then detects the electrons that have been scattered at high angles and
incoherently. This detection is highly sensitive to the type of atoms the electrons in the beam
have interacted with, with heavier atoms appearing as brighter and easier to detect. Thus,
the main form of contrast is-Zontrast[85], although some diffraction and channelling effects
also contribut€[86].

While acquiring EELS data, only the ADF and HAADF detectors are used as the BF detector
would sit in the beam path of the tremitted electrons.

2.3.3. Aberrations in the STEM and correction for them
2.3.3. a) Astigmatism

Astigmatism occurs when electrons travel through a-noiform magnetic field as they travel
around the optic axis in a spiral path. Ttésoccur, for exanple, because théens polepieces

are not perfectly symmetric, thus distorting the image formed. Further distortion occurs due

to the lenses having inhomogeneities in their microstructure, the apertures introduced not
being perfectly centred around the optaxis, or contaminant particles on the aperture edges
charging and thus deflecting the beam. Astigmatism can be seen as streaking in an image,
which changes when passing through focus. An image steaking in the X direction will change
to streaking in the Wirection when passing through focus from an undélerussed to an over
focussed image. At perfect focus the streaking is not visible, but the image will not be as sharp
as a norastigmatic image.

Astigmatism is easily corrected using stigmators, whiah small octupole lenses that
introduce a compensating field to balance out the inhomogeneities introduced by the main
microscope lenses. There are stigmators for the condenser lens in the illumination system,
and in the imaging system for the objective ¢en

2.3.3. b) Spherical aberration

The most significant aberration in electron lenses is spherical aberration, which occurs due to
the lens field behaving differently for eand offaxis rays. This is explained schematically in
Figure 2.6, showing that éhfurther away from the optic axis an electron is, the stronger its
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path is bent towards the axis. This causes the image of a point to not be a point, but instead
a central high intensity region surrounded by a halo of decreasing intensity.

ELECTRONS

i LENS

FOCAL
PLANE

PATH OF RAYS
THROUGH LENS

OPTICAL AXIS
Figure 25: Diagram of electron paths through a lens when affected by spherical aberrafitrthe
rays furthest away from the optical axis being affected the most.

Spherical aberration is an inevitable property of all electron lenses, as they are all round lenses
with positive focal length. This means that all electron microscopes having only cylindrical
lenses will have positive spherical aberrati&7]. Careful microsope and lens design can
minimise its effects, but never completely eliminate them.

Spherical aberration in the objective lens degrades the details that can be resolved in a TEM
image, and all the following lenses in the column magnifyaierrations introduced by it. In

a STEM, spherical aberration in the condenser lensesslingtsize of the probe that can be
formed while having the most current.

Whilesphericabberration can now be corrected for, it still limits the resolution of most TEMs.
Spherical aberration correctors are naoglindrical, multipole lenses that produce negative
spherical aberration in certain directions where a diverging effect is createdmbination

of two or more multipole lenses can negate the effects of positive spherical aberration
introduced by the cylindrical electron lenses. A spherical aberration corrector compensates
for the spread of a point image into a disk by making theaaf§ beams converge to a point
rather than a disk in the image plane. The correction is achieved by a corquuteolled set

of quadrupoles and octupoles or a set of hexapoles.

In terms of the research presented in this thesis, the microscope used usesedi&der

hexapole design to correct for the spherical aberration and other low order aberrations such

as astigmatism, at the expense of higher order aberrat[88% Having abrration correction
YSIya GKFG f1FNBSN O2y@SNHSYyOS y3tSa h Oy
maximum convergence angle that could be achieved is approximately 1@vhrkedstill being
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able to use small spot sizg#0], however with the correction convergence angles of 36mrad
have been used in this research. This leads to an increase in the available electron intensity
that can be used, as it leads to an approximatblree times greater angle of incidence hence
resolution up to three times smaller as calculated using the Abbe criterion. While not used in
the research presented in this thesis, atomic resolution is easily achievable with aberration
correction. Howeverspherical aberration correction has been incredibly useful in the case of
the EELS data acquisition for this research. A three times greater angle of incidence leads to
nine times as much intensity from the tip useable in the beam, making the acquisition
spectroscopy data almost one order of magnitude faster. This has been useful when acquiring
high signal to noise ratio data using EELS. While not used in this research, the same would be
true for energy dispersive-day (EDX) data acquisition.

2.3.4. 9 Chromatic aberration

Chromatic aberration occurs due to the fact that electrons of different energies have different
focal points in a lens, with lower energy electrons being focused more strongly.

Especially for lower voltages, chromatic aberrations sariously limit the resolution of a
microscope in the probe formation. However, chromatic aberration is significantly reduced
when using an electron source with a small energy spread, such as a cold FEG which is used
in this case and is not believed te the limiting factor at 200 kV accelerating voltage.

2.4. Electron energy loss spectroscopy (EELS)

2.4.1. Outline

Electron energy loss spectroscopy, or EELS, is an analytical STEM technique that measures
changes in the kinetic energy of initially alm@sbnochromatic electrons after they have
interacted with a thin samplélheseinteractionsare governed by Coulomb forces ame$ult

in the scattering of some of the electrons, either elastically (in which case there is a very small
amount of energy exchamgl) or inelastically (in which case a significant amount of energy is
transferred from the incoming electrons to the atoms in the sampléhen electrons are
a0FGGSNBR StlradAlorfttes G0KS AYyiSNIOGAzy F2ff2
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LIX I yS& oA0KAY refrésénts the anglaf aBwhichytlie electrons in the incoming

beam are scattered at after the interaction. In most materials, the electrostatic field of the
nucleaus decreases further away from the centre of the atom meaning that the incoming
electrons willexperience a smaller electrostatic field the further away from the nucleus they
travel. Most of the electrons will follow such a path and their scattering angles will be small
(typically betweenvng 0 @ LYy ONEBAGEFf AX (KS wilyeacBgpeaki e 2 7F
at angles with are related to the spacing between atomic planes in the matdniah leads
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to what is known as diffractiof5]. A diagram of elastic scattering interactions and the path
the incoming electrons take near atoms is shown in Figug&). Inelastic scattering can occur
when the incoming electrons interact with either the inrgrell electrons of the atom or the
outer-shell ones.Both these interactions are important when discussiBELS andre
described schematically in Figuresi®).and 26c) respectively.

Figure 2.6Diagram showing scattering events, with a) showing elastic scattering where the
incoming eletron interacts with the atomic nucleus, b) inelastic scattering off inner shell electrons
where the incoming electron experiences Coulomb repulsion and c) inelastic scattering off outer shell
electrons. In the inelastic scattering events the atomic elasteve excited to a higher energy level,
shown by arrows in the diagrams.

When the incoming beam interacts with inner shell electrons, it loses a large amount of
energy that is absorbed by the inner shell electron. The inner shell electron then gets
promoted into an unoccupied state above the Fermi level of the material, wiglénicoming
electron has lost an amount of energy equal to the one absorbed by the inner shell electron.
The amount of energy lost is characteristi¢hie elements the incoming electrons interacted
with and are used in EELS to extract compositional indtion. In the case of outer shell
electrons, the interactions can be considereddanvolve many atoms in the sample rather
than just one. The incoming electron beam with excite these shared electrons and create
plasma resonances known as plasmons. Tirgseactions aramportant in EELS as well.

These interactions mean that wealth of informationis available at different energy losses

It is not just chemical information that can be obtained by EELS, but also details on the
bonding between separatehemical elements, surface structure and more. The typical energy
lossspectrum contains a lowoss region and a higloss region. The lososs region extends

out to roughly a few tens of electron volts. The most intense peak in this region occurs at 0eV
and is therefore called the zerwmss peak (ZLP). It represents the electrons that have
undergone no inelastic scattering, and hence no significant energy loss. The energy lost by
elastic scattering interactions with the atomic nuaketoo small to be meased without a
specialist monochromated microscope and high stability, high dispersion spectrof@8ier

The ZLP has a measurable width, which is due to a combination of the energy spread of the
electron source and the MTF (modulation transfer function, representing the response in
spatial frequency) of the detector in the spectromef80]. This is typically between 2eV and
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a few meV. The other features in the ldass spectrum occur due tmelastic scattering,

either by the conduction or the valence electrons. A prominent peak in this region is due to
plasmon resonances of such weakly bound electrons. Some of the ionisation edges also occur
in this regiong they are the result of inelastiscattering from innesshell electrons. Such
ionisation edges occur throughout the hifgiss spectrum as well, their onset energy being a
characteristic of the chemical element on which electrons were scattered from.

2.4.2. The electron energy loss speatnu
2.4.2. a) The zertoss peak (ZLP)

The predominant feature in an EEL spectrofna thin specimens the zereloss peak, or ZLP,
shown in Figure Z.as the most intense feature.
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Figure 27: The EEL spectrum of a (Ti, V) precipitate embedded in a high manganese steel matrix,
showing the ZLP, the plasmon peaks and the-lms®edges on a logarithmic scale

The ZLP also contains electrons that have energy losses below the resolution liet of t
spectrometer and those due to the energy spread of the electron source. Electrons having
scatteredfrom phonons (collectiveribrationalexcitations of atoms in a lattice) are included

in this¢ this is also called thermal diffuse scattering. These doutions produce a tail on the
positive (energyloss) side of the ZLP, with the negative side having a smaller tail that is mainly
due to the point spread function of the spectrometer electronics.

2.4.2. b) The lowoss spectrum

After the ZLP, the next n@ peaks are those caused by plasmons. These are found in the
low-loss spectrum, seen as the still intense but slightly smaller peaks on Figurel#tween
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the ZLP and an arbitrary coff of about 50eV. Here, the electrons from the beam have
interacted with those of the conduction and valence bands causing longitudinal oscillations
of valence electronsThe electrons in the valence and conduction bands control many of the
electronic properties of the sample.

At least one strong plasmon peak can barfd in all but the thinnest of specimens, with the
intensity of the plasmon peak being correlated to the thickness of the sample. Additionally,
there is a shift in the plasmon peak position based on composition, so the position of these
peaks can be used compositional analysis. Williams and Caf#&] describe the use of this
method to study magnesium armluminium alloys, where the plasmons are sharp Gaussian
shaped peaks. These are three dimensional bulk plasmons, howevelinvemsional surface,
one-dimensional edge plasmons and even zdmmensional corner plasmons can also be
excitedin a samplg91].

However, quantitative analysis using this method does have limitatregsirding how
accurate it can getand coreloss EELS, discussed later in this chapter, is preferred.

The shapes of the plasmons provide useful information for distinguishing specific chemical
phases. This can be understood by considering the free electron theory of metals, with

LI FaY2y 2aO0AftftlraA2ya o0SAy3a GNBIF ISR a3 A yKaF N
fixed ionic cores of the metals. The energy of the harmonic oscillation is then related to the
effective mass of the charge carriers and the electron gas density, which depend on the
properties of the material. This means that the positafrthe plasmon peak changes due to

small changes in the material properties, such as lattice parameter changes, or changes in the
number of free electrons per atom as a function of alloying.

Another thing the lowloss spectrum is useful forl@cally determining the dielectric function

of samples. For this, the spectrum up to about 20eV energy loss is Assithgle scattering
spectrum is needed for this; however, Fourier deconvolution methods are readily available in
the Gatan Digital Microgiph software packagand can be used to remove the effects of
plural scatteringDifferences in the plasmon shapes and in the dielectric functions of different
materials are used in this research to distinguish between precipitates and the matrix
surroundng them and will be discussed in more detail in the chapter dedicated tddssv

mapping.
2.4.2. ¢) The higlhoss spectrum

Found after the 50eV energdgss cutoff, the highloss spectrum contains the cotess or

ionisation edges on a rapidly decreasipigral scattering background. These edges are a

result of inelastic interactions with inner shell electrons. During the process, asbeik
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move into a vacant statabove the Fermi levellThe beam electron loses the energy needed

to eject a coreshell electron from the sample, and this energy loss is what gets detected. The
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energy required for this process is characteristic for the atom involved, so the signeletkte
is a direct source of compositional information.

The edges are named after the atomic shell where the ionisation event occurs, for example
the CK edge represents events resulting in the promotion of an electron from tleeK of

a carbon atom. Beaesse the Kshell electrons are the closest to the nucleus, they require the
most energy tabe ejected and the Kedges appear at the highest energy losses in the EEL
spectrum for any given atom. The heavier an element is the larger the efwsgyt which

the kedge appearsThese Kedges have low crossections and the intensity of the edge is
low. For this reason,-land M edges are more usually used for heavier elements. Another
reason for this is the fact that the spectral intensity decreases with &#sing energy loss.

Because a large amount of energy is needed for inner shell ionisations, theseatigss are
fairly small with the mean free path of electrons for such interactions being relatively large.
Crosssection and mean free path calculatiomsll be discussed in detail in the chapter
discussing the quantification of precipitates using DualEELS.

The edges appear as a sharp rise at the entrgy needed for ionisation, which then
decreases slowly towards the background. The decreasing bacidji®due to electrons that
have undergone random plural scattering events when travelling through the sample. The
shape and location of the cofless edges in a precipitate embedded in a higlinganese
steel matrix are shown in Figure72.together with e ZLP and the plasmon peaks. A
logarithmic scale is used in the figure due to the large intensity difference between the low
loss and cordoss parts of the spectrum.

The edges can also show more complicated, finer structure. Less than about 50eVafter t
edge onset, fine structure oscillations are present due to bonding effects and are termed
energyloss neafedge structure, or ELNES. At energies greater than 50eV and extending for
up to several hundreds of eV after the edge, small intensity oscilst@wa present due to
diffraction effects from the atoms surrounding the atom undergoing an ionisation event.
These are called extended enedggs fine structure, or EXELFS, and can disturb the
backgrounds out to at least 200eV after the edges they armected to. EXELFS have been

a reason for using experimental backgrounds rather than theoretically calculated power law
or first order log polynomial backgrounds when quantifying precipitates in this research, as
will be discusseth Chapter 6Lowloss stucture can also be present in the ionisation edges,
which is a result of electrons undergoing plural scattering and losing energy via ionisation
events as well as losing some energy to plasmon interactions. These effects significantly
complicate the shapef ionisation edges, but also provide a large amount of information. For
example, the lowloss structure and ELNES provide information on bonding. For example, the
Si edge shape in pure Si is different from the edge shape ina@idthe &K ELNES is difent
between different transition metal carbides with the roesklt structure[92].
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One of the most important examples of ELNES are the white lines present as intense, sharp
peaks on some of the ionisation edges3]. The kzedges of the transition metals and the
Massedges of the rareearth elements show white lines. An example relevant to the research
presented in this thesis is that of the Fe L edge, where thentl Iz edges are white lines.
These lines arise because tthehell of Fe has several unfilled states per atom just above the
Fermi level, so the electrons are excited into these \gtefined empty states rather than into

the continuum of states at higher energy

2.4.3. Crosssections for EELS interactions

Thecrosst SOUA2Yy > X A& | YSIAaAda2NE 2F K2g fA{1Ste
incident electron strikes an atom within the sample. The cisEgions depend on the energy

of the electron beam, andliahe possible interactions have their own cresections that are
proportional to the probability of the interaction happening. For an EELS, ¢dgéollowing
relationship holds true:

‘0 Q) L,h (2.3)

where | is the intensity of the edge,d the intensity of the ZLP, N is the number of atoms per
dzy AG @2f dzyS ksgebon.” A& GKS ONRA&A

The formula assumes that thedectron has only undergone one scattering event, howered it

is often the case that an electron will undergo more than one scattering event. This is known
as plural (or multiple) scattering and becomes a significant issue when the specimens are not
sufficiently thin. In these cases, the energy loss spectrum is a convolution of the single
scattering distribution and the lososs spectrum, with the shape of the ldass spectrum

being dependent on the sample thickng84]. A deconvolution approach is then needed to
separate the two and obtain a single scattering distribution.

Once deconvolution has been applied and a single scattering distribution obtained, the
following relationship applies:

0 _—Q0 'O —Q0 U, (2.4

where 0 is the number of atoms per unit area of the specim@is the integrated zero loss
intensity,— is the spectrum intensity divided by thé@annel Width,"()sg—gntegrated over an
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differential crosssection,— over the same energy windowlhis means thalN can be

determined i=is known. Knowindis vital for quantifying DualEELS dat#he precipitates,

which is why determining the experimental cres=ction has been an integral part of this
PhD. The results from calculating the experimental eezstions of TiN, TiC, VC avil will
be discussed in Chapter 5 ahdve also been published in Crawetral. [95].
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2.44. Spectrometers and the Gatan Imaging Filter (GIF)

In order to analyse the amount of energy lost by electrons upon interacting inelastically with
atoms in the sample, a sptrometer is needed. The main component of a spectrometer is a
magnetic prism which disperses electrons according to their kinetic energies, and as such
according to the amount of energy they have lost during interactions with the sample. The
amount theyare deflected by, or the radius of curvature R of their path if it were a complete
circle, is given by the following formula:

'Y —0h (25)

where d is the rest mass of an electron,is the speedt is travelling with in the z direction
in a magnetic field pointing in the y direction, perpendicular to the direction of the beam.
1A A eftKf&torgReN.Dy:

As the equation above shows, each electron in the magnetic field will be deflected onto a
slightly different path based on its velocity. The smaller the velocity, the smaller the amount
of deflection the electrons experience. Of course, the smaller the velocity when entering the
spectrometer, the more energy the electrons have lost when interacting with the sample.
Therefore, these electrons will depart the magnetic prism with a larger deflection angle than
thosewhich have not lost as much energy during the interaction.

There are ircolumn and postolumn imaging filters and spectrometers, but the one used in

this research is the Gatan Imaging Filter, or GIF. This is &@aostn filter allowing for both
energyfiltering and spectroscopy. The magnetic prism here bends the electron beam through
bnes 6AGK (GKS St SOGUNRYya 06SAy3d RAALISNBERSR 2y |
above. The electrons that have the most energy, ie. the ZLP and plasmonomdectr
experience the least amount of bending and appear at the bottom of the vertical distribution.
Coreloss electrons, having lost the most energy, are bent the most and appear at the top of

the vertical distribution.

A rough diagram of the GIF is shoimrFigure 28, showing the magnetic prism and the path
of electrons bending when it travels through it towards the projection system and the CCD
detector. A fuller description of the workings of such spectrometers is given in Section 2.4.4.
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Figure 28: Diagram of a Gatan Imaging Filter (GIF) showing the entrance apertures, prism and
entrance slit, together with the tuning and projection multipoles and the. CCD

2.45. Dual electron energy loss spectroscopy (DualEELS)

With DualEELS, both the ldass and the higloss spectra can be collected near
simultaneously at each pixel in a spectrum image. This is done using a fast electrostatic
shutter (or fast beam switch) Wi a microsecond response time incorporated in the
spectrometer.[53]Once the more intense lowoss spectrum has been acquired at a specific
pixel, the electrostatic shutter deflects the beam to a different area of the CCD and then the
high-loss spectrum can be acquired. Theotaan then be recorded under the same optical
conditions, but with the highoss spectrum taking longer to acquire due to its much smaller
intensity. Using the DualEELS method to record data in this way overcomes the limited
dynamic range of the CCD detecivhich limits the range of intensities that can be imaged

at the same time.

In this research, the GIF Quantum electron spectrometer was used. It has a 2kV field of view
at an accelerating voltage of 200kV and a maximum acquisition rate of 1000 spectra p
second and allows for the acquisition of loand core loss spectra up to 2kV apart, as
described in Gubbens et al 20[B®]. The highspeed detector, together with the electrostatic
shuter, can take full advantage of the high beam current available on the JEOL ARM. Two
apertures are available for spectroscopy, a 5mm one and a 2.5mm one, both allowing for the
high collection angles needed in order to do high resolution EELS analyhis. iesearch,

only the 2.5mm aperture was used giving a spectrometer acceptance angle of 36mrad.

Having both the lowoss and the coréoss spectra acquired under the same conditions is
what makes the accurate quantification discussed in this thesisiljges&®ecording the ZLP
allows for the normalisation of the cofless edges and having acquired aloss spectrum
allows for the removal of plural scattering from the spectrum. These are important steps in
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guantifying a specimen. The data processing radthsed for DualEELS spectrum images will
be described in detail in the next chapter.

2.46. Spectrum imaging and the data cube

TheEEL$formation is gathered in the form of a spectrum imagéisis a data cube with

two of the cube axes corresponding spatial information while the third dimension being

the energy loss spectrum, as can be seen in FigQrérRorder to do this, the beam is scanned
across the sample and the spectrum collected at eaghy(pixel. Thus, eachx,(y) pixel
position has an associated spectrum in the dataset. The method was first proposed in 1989
by Jeanguillaume and Colligs2].
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Figure 29: A spectrum image data cube, with x and y representing the pixels scanned across and the
GKANR RAYSyaAizys nosx NBLNBaSydiAy3a GKS aLlSOd

To record spectrum imagedé¢ beam is scanned across the sample in a raster pattern and a
spectrum is recorded at each pixel of the scan area, thus forming the data cube. Having the
entire spectrum collected and stored at each point allows for spectral processing to be applied
to ewvery pixel in the resulting spectrum image in a consistent manner, and to allow both
mapping and statistical evaluation of the data.

The data cube can be analysed to produce maps correlating the species present in the sample
with their location within thescanned area. The results of mapping can be significantly
improved when the volume of the data cube is reduced by removing noise, which is routinely
done by applying statistical methods such as Principal Component Analysis which will be
discussed in detaih the next chapter.

2.5. Summary

Focused ion beam (FIB) microscopes have become commonly used in the preparation of
samples for analysis in the transmission electron microscope (TEM) thanks to their ability to
prepare siteselected thin specimens. Lartad of <100nm in thickness were prepared using

a standard liftout method, some using a gallium liquid metal ion beam and some using a
xenon plasma beam. Needle shaped specimens have been prepared using a modified method
for making atom probe tips for usa mean free path calculations
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TEM and scanning TEM (STEM) make use o&higigy electron beams and their interactions

with samples to obtain information about the structure and chemistry of materials.
Condenser lenses shape the beam and direct it tolwdne specimen, with the objective lens

then focusing the beam after it has interacted with the sample and providing the first
magnified image of the specimen, which is then further magnified by the projection system
before reaching the detector. All lees have aberrations, including astigmatism, chromatic
and spherical aberration. The use of aberration correctors in STEM has enabled us to use large
currents for high spatial resolution analytical microscopy.

Having a spectrometer coupled to a STEM erdhls to obtain electron energy loss
spectroscopy (EELS) data, where signals from scattered electrons are detected and used for
mapping the chemistry of samples with snhnometre resolution. The EEL spectrum contains

a variety of signals depending on theaunt of energy lost by the beam electrons. The zero

loss peak (ZLP) arises due to electrons that have lost no energy in their interactions with the
sample, the lowloss part of the spectrum contains the plasmon peaks due to collective
oscillations of thevalence electrons in the sample, with the hilgiss spectrum containing the
core-loss edges specific to each element, which arise due to inelastic scattering of the beam
electrons.

DualEELS allows for the collection of Higgs and lowoss spectra neaimultaneously under

the same experimental conditions, meaning that more details of the sample can be extracted
from having access to the full enertpss spectrum. Having the less spectrum and the
ZLP means that the volume of the sample can be ca@mliland the overall spectrum can be
deconvolved to remove the effects of plural scattering and obtain a single scattering energy
loss distribution. This allows for not just qualitative chemical mapping, but also makes
accurate chemical quantification gbpscimens possible.

Accurate chemical quantification requires a specific series of data processing steps, which will
be described in detail in the next chapter. Some examples will be provided to illustrate the
individual processing steps, with a more déedidiscussion of the results provided in further
chapters.
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Chapter 3

EELS data processing

As was discussed in Chapter 2, DualEELS data is collected as a 3D data cube, with two of the
dimensions being andy to create a map, and the third dimension being energy loss at each

of the pixels in the 2D map. The-agcorded data contains a large amdwf experimental

noise, as well as systematic errors such aslimaarities in the spectrometer dispersion. The
low-loss and higHoss datasets are collected nesimultaneously as separate spectrum
images in DualEELS mode, with extracted spectra fremghe pixel in each being shown in
Figure 3.1 below. The sample used to acquire this example data was a high manganese steel
with additions of titanium and vanadiunihe figureshows the full energy loss range over
which the data has been acquired, aslwas the differences in intensity between the two

parts of the spectrum. The data can be displayed either in channels as imaged on the CCD, or
in eV. The relationship between the two is given by the spectrometer dispersion, expressed
in eV per channel. Ehdata used in this research was collected at a dispersion of 0.5eV/
channel

—Low-loss
—High-loss

Counts (arbitrary units)

1050

Energy loss (eV)

Figure 3.1The asacquired lomoss(blue)and highloss(orange)spectra of a precipitate in a high
manganese steel, showing the range and intensity differbet@een the two. Due to the large
intensity of the zerdoss peak, and the large difference in intensity between thddes/and high
loss, the graph is plotted on a logarithmic scdlee highloss has a longer acquisition time than the
low-loss, hencehte intensity difference where their energy losses overlap.

Figure 3.2 a) shows the ZLP not being centred on zero. The ZLP shifts across a spectrum image
due to projection effects from the way the beam is scanned across the sample and is
something that regires correcting during processing. Figure 3.2 b) shows the two spectra at
high energy losses, with the spectrum acquired for the-logg shown in blue and the high
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loss in orange. The loless isonly required to include energiesp to about 150eV for the
processing done in this research,isenergy range isropped above that energy logarly

on in the processing. At these higher energies, the-logs spectrum is mainly noise, and
cropping that area out reduces some of it aon and stops some from filtering through the
future steps into the final spectrum image to be analysed. A large amount of noise present is
clearly visible in both spectra, with some of the ctwes edges being difficult to distinguish

from the noise, specially in the case of thelVand &K edges which are also close together
in energy loss.
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Figure 3.2a) The misaligned ZLP before being aligned in energy loss and b) the large amount of
noise in each channel of the-asquired spectra

There is a &p in both the lowloss and the higtoss spectra which corresponds to the middle

of the CCD (channel 1024), where the two different halves of the CCD are joined together.
This step is difficult to see in the-escorded data due to the high levels of n@igresent but
becomes visible much more easily once the data has beepnoeessed.

As such, before being able to extract any useful information from the collected spectrum
images, the data needs to be processed to reduce its volume and the amount@pnesent,

and to consider the errors due to the experimental setup. This has been done through a series
of steps, with the basic processing such as removing plural scattering being described in
Bobynkeet al.[97]. Other steps, such as the correction for dispersion-lnoearity, have been
developed as part of this project.

This chapter will cover all the processing steps used to process the data into a form where it

can be used for precipitate analysis and quantification, and then discuss how the data is
analysed.
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3.1. Basic DualEELS pessing and noise reduction

3.1.1. Linearisation

When the lowloss and highloss datasets were recorded, the two were not perfectly aligned

in energyat the point where they are supposed to meet (the splice point, which will be
described in morealetail in subsection 3.1.7). This can be seen in Figure 3.3 a), showing the
low-loss spectrum of SgDwhere the Sidzedge appearing just after 100eV energy loss and
the Si Ledge at about 150eV should appear at the same energy in both théolesvandhe
high-loss spectra. However, there is a visible misalignment between the two. This mismatch
would affect every further step in the processing described in this chapter, so it was the first
thing that needed to be dealt withn the asacquired data.

a). b) 5 c)
o
£ E ] \-’2{ 5
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Figure 3.3 The effects of dispersion ndinearity in DualEEL8) Mismatch between the Si tedge
from SiQappearing on the lovoss (red) and higloss (blue) as acquired spectbd,The error on
each of the channels based on the ZLP positiorcg@dmparison between the position of a
prominent feature on the lovoss and highoss spectra after correcting for the dispersion
nonlinearity

The mismatch occurred due to the energy scale in the spectrometer not being linear. The
energy loss linearity hatb be characterised first, and then corrected for before any other
processing steps could be applied. The Hiorarity was characterised using a script from B.
Schaffer (Gatan) which scans the ZLP across the spectrometer using accurately known voltage
shifts on the drift tube. The script is shown in Appendix 1 at the end of this thesis, with
permission from the author.

A second script was used to analyse the results of thelimearity characterisation and
measure the peak position, which varied withesfrometer dispersion linearity. This script
was provided by Mr. Robert Webster at the University of Glasgow and is shown in Appendix
2 with permission from the author. The script works by locatinggbsition of themaximum
intensity pixel throughout the full ZLP scan across the spectrometer and collating all these
maxima into a single image. A gaussian is fittedach peak to avoid the jitter on the ZLP,

and this is then used to find the centre. The positions of these maxima anectbmpared to

the ideal reference positions where the ZLP was expected to be, and the deviations calculated.
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In the case of the Sg&ample discussed here, these deviations can be seen in Figure 3.3 b)
and are fitted by a polynomial. This smooth polynahifit is then used to correct the original
as-acquired spectrum image®/hen the lowloss and higHoss spectra were compared again
after linearization (Figure 3.3 c)), the mismatch in the peak position was not present anymore,
suggesting that the dispam nontlinearity was successfully corrected for.

3.1.2. Removing the background before the ZLP

While the highloss is acquired, the ZLP and some of thellosg are in the beam trap. Any

part of the lowloss outside of the beam tragpuldgive rise to atray background. Especially
when the energy shift between the leless and the highoss spectra is not large enough, we

end up with this stray signal in the form of an extra background before the HdPkfawn

as bleed through). For all datasets acqdr care has been taken to choose appropriate
energy shifts to minimise this problem as much as possible, however several channels before
the ZLP have had to be removed every time. This has been done by fitting a routine power
law background before the oes of the ZLP and removing it from the spectrum image.
Another advantage in removing this background comes from the decrease in the data volume
to be processed in the next steps. Particularly when doing principal component analysis (PCA),
as described inetail in Section 3.1.6., the decrease in volume decreases processing time and
the number of possible errors this step could introduce in the analysis.

3.1.3. Aligning the spectrum images and correcting for the ZLP centring

Instrumental instabilities in t& microscope and spectrometer can shift the zkyss away

from OeV. Additionally, the ZLP drifts as a function of position in the spectrum image due to
projection effects, as can be seen in FiguBe2 and3.4 where different colours indicate
different ZIP position resulting from the scan.
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centre the ZLP to zero and remove the drift from pixel to pixel. Since théoksvand core

loss data have been acquiredl the same time, the software transfers the ZLP alignment to

the highloss spectrum as well using the map of the ZLP peak shift, as shown in Figure 3.4 with

the position of the ZLP oscillating betwedn5eV and +1.5eV in this particular dataset (a CRM

steel tempered for 90 minutes, details aboahichwill be given in the next chapter).
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Figure 3.4Changes in the ZLP peak position when scanning the beam across the imaged area, with
the ZLP moving by about +1.5eV across the.scan

3.1.4. Volumeextraction

PaAY3d (K OHBRENEYSE 02 dzYSé Fdzy OldA2y Ay B5AIA
be cropped to exclude channels at each end. There is a loss of detection efficiency at the ends

of the spectra caused by shadowing of the electron beam by the spectrometer aperture, so

the higher energy loss end of the leass spectrum was removed keeping only enough of the
spectrum to allow an accurate splicing, which will be discussed further in this chapter.
Additionally, the highest corss edge used was the Fesledge at an enengloss around

700eV. This means that the region after 800eV could be removed from the spectrum.
Extracting only the volume that is useful also means that further steps are easier and take less
processing power due to the smaller size of the spectrum images

3.1.5. Xray removal

Sometimes, large energy spikes can be found at some pixels in the spectrum images. These
may be caused by electrons hitting internal parts of the spectrometer and excHiagsXhat

strike the CCD and have little or no connectiothe sample. They can be removed using the
G2t oSS Y2MISe a¢ (122f Ay S5AIAGFE aAONRINI LIKxu
dataset for spikes which lie more than a usetectednumber of standard deviations away

from the median of the spectrurarea they are found in. When found, they are replaced with

the median intensity value. For all the spectrum images analysed as part of this project, a
number of 5 standard deviations was used. This removed all 4tags<spikes from the data

while keepinghe processing time short enough even for large datasBss, and the steps
described above, has been described by Bobyetkal.[97]A Y HAamp & ¢Sttt | &
PhD thesi$9], where the method was also applied to steels.

3.1.6. Principal component analysis (PCA)

Principal component analysis (PCAph&s step that removes by far the most amount of noise
from the spectrum images and has been used at other stages in this research as well. A
Multivariate Statistical Analysis (MSA) piador Digital Micrograph developed by Luedsl.
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has been used in this researfd8]. MSA is a family of techniques used in a wide variety of
fields to analyse large datasets containing many known and unknown variables. Of these
techniques, PCA is onétbhe most common and weknown, with its aim being to reduce the
dimensionality of a large dataset by describing it with the minimum number of variables
possible without losing any relevant informati¢®9]. In the case of an EEL spectrum, this
essentially means that the original spectrum image ends up being described by a small
number of useful spectral components with a large number of ro@m@aining components

being discarde.
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Figure 3.5Comparison between the préblue)and post(orange)-PCA extracted spectra from the
center of a (Ti, V) (C, N) precipitdtds clear that the blue prECA spectrum contains a lot more
random noise than the orange peBCA spectrum.

This is achieved by treating the original spectrum image as a matrix. Then, the two spatial
dimensions X,y) are stored in the matrix columns, while the spectrum associated with each

(x,y) pixel is stored in the rows. The PCA decomposition will then protluzeimensional

YI LA OFffSR GROZSHEE 2 VIYIR RLYSOUG NI OFft SR af :
interpret directly, differences between different PCA outputs are usually easy to notice. If

there is a large difference between two consecutive outpthgy are very likely to represent

real signals, while very similar consecutive ones are likely to be random noise. This provides

a way of reconstructing back the data without the noise components.
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However, care must be taken when using PCA as it cavdinte artefacts and bias in the
reconstructed data, especially when too few components are used in the reconstruction
leading to some of the weaker components being mig4€@][101].

Figure 3.5 shows the effect of PCA on the sp@e extracted from a small number of pixels

(in this case four pixels) in the center of a (Ti, V) (C, N) precipitate. The blue spectrum was
extracted from the spectrum image processed up to after themyXremoval step, with the
orange spectrum being extcted from the PCA reconstructed spectrum image. It can be easily
seen that the PCA reconstructed spectrum has a significantly reduced level of random noise
when compared to the no#?CA processegbectrum.

3.1.7. Splicing and deconvolving

To further analyse a dataset, the ldass and highoss spectra need to be spliced together

into a single spectrum image. If the spectrometer bitlebugh described in section 3.1.1. is

not removed, there can be issues such as steps in the spliced gpeicirage in the region of

the splice point. The loMoss and highoss data have different acquisition times as has been
discussed. This means the spectra will have different intensities at the splice point, with the
high-loss having higher intensity thdhe low-loss there. When splicing, the two are scaled to

the same intensity with the difference in intensity being given by the splice f&tis.intensity
difference can be seen in Figure 3.1, and the splicing was done at approximately 100eV energy
loss.An overlap of 20 channels (20eV) across the two spectra was used to calculate the splice
ratio. This varies across the dataset, with the splice map showing the splice ratio atxeach (
y) pixel in the spectrum image. Ideally, the splice ratio at eachtpalhbe the same as the

time ratio, i.e. the difference in intensity between the ldass and higloss spectra at the
splice point is the same as the difference in acquisition times between the two. However, this
is not usually the case and small piteelpixel variations were expected. However, we have
often noticed big differences between the two, especially in the case of the Nb-seatisn

data. Figure 3.6 shows this, as well as the improvement in agreement after the corrections
described so far ithis chapter have been applied. The agreement is better after the non
linearity in the dispersion is corrected for, with further improvement when the stray signal
from spectrometer bleedhrough is removed as well. These corrections have to be applied
together with PCA for noise reduction, as described above in section 3.1.6.

Fourierlogarithmic deconvolution is used to remove plural scattering. This removes the effect
on the shape of the lowoss fromchanges in the specimen thickness, carbon contammatio
or composition. It also ensures that the steps described further in the chapter can be
performed, as it makes the use of standard spectra taken under different experimental
conditions possible as long as they have also been deconvolved.
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Figure 3.61mprovements in the splice ratio of data when compared to the ideal (green) when it has
been linearised (red) and when it has been linearised and had the stray background subtracted
(black) as opposed to when it just had noise reduction applied (Blue)ertical axis shows the ratio
between the higHoss acquisition time and the leless acquisition time, ie. the time ratio which in
this example is 100. Ideally, the splice ratio would be the same as the time ratio, however the figure
shows that this is nahe case.

For the research presented in this thesis, the spectra analysed need to be the result of a single
scattering distribution.However, the transmitted electrons can scatter more than once
depending on the thickness of the sample so the spectrutaiobd is the result of a multiple
scattering distribution. The effects of these scattering events need to be removed to obtain a
spectrum due to single scattering events onhis step uses Fourier transforms and is based
on the assumption that pluralcattering will follow Poisson statistics. The single scattering
distribution,"00 , is found using the following formula:

QD avl — (3.1)

where" Q) is the Fourier transform of the recorded spectrum from the ZLP to beyond the last
core-loss edge of interest angl U represents the ZLR02][103].

Care mustof course be taken to avoid any negative counts in the spectrumheswill lead

to artefacts in the deconvolution. These negative counts can often be found before the ZLP
after the bleed through signal has been removediing another reason to eliminate the
signal in that region using volume extraction.

3.2. Multiple linear least squares (MLLS) fitting

Multiple linear least squaresiting is a fingerprinting method which requires a pegisting
set of standard spectra for the elements or phases present in the sample. It then creates a
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model where the original spectrum image is treated as a linear combination of the standard
spectra.The model is then fitted to the original spectrum image by adjusting the coefficients
of the linear terms to minimise the squared deviation between model and original. MLLS
fitting is an excellent method of separating overlapping edges and complicatedtfurcture

[104]. The best fit is often lotained by trial and errqgrchanging which standard shapes are
included with the residual spectrum image constantly being compared against the original
and MLLS fit spectrum images to see where the fit is not accurate. The best fits were always
obtained when every single contribution to the data was included in the fit, including thin and
thick matrix spectra and constants due to small inaccuracies in the dark current subtraction.

Apart from spectrum images for the fit and the fit residuals, the algoriétiéo returns maps

for the fitting coefficients of each of the standard spectra used in the fit. These show the
weighting factors for the standard spectra. If the standard spectra are differential-cross
sections, as is the case here, it is possible to edrhese weighting factors into absolute
guantities and a discussion on how to do this will follow in this chapter in Section 3.4.

3.3. Removing the matrix contribution

Removing the matrix contributions from the analysed spectrum imagas been an
important step in the early stages ofthis PhD research when analysing some of the high
manganese steel precipitateowever, issues with fitting backgrounds before edges meant
that the method did not produce the most accurate resulfdhis means thait hasnot been
usedwhen processing any of the data presented in this thesis, so it will be briefly introduced
and will not be described in a lot of detail here. The method used originally was the same as
the one described in Bobynlat al. (2015)97]. A spectrum from an area of only matrix would

be extracted and scaled to every pixel in the spectrum image, then subtracted from the
original spectrum image leaving nothing but the precipitatee subtractionwas done using

a custombuilt script.

The result of this subtraction & spectrum imageor the precipitate only. The background
would be subtracted and an MLLS fit would be done using predetermined experimental cross
sections. The results of such a fit for a (Ti, V)(C, N) precipitate in a high manganese steel,
together with the original speatim and the residuals to the fit can be seen in Figui@p.

The blue line represents the original precipitate spectrum, with the red line being the
spectrum from the MLLS fit using standard shapes. The difference between the original and
the fit is givernby the residuals, which are shown in the figure in gra&hen away from the
edges, the residuals are fairly evenly distributed around zero suggesting a good fit. However,
a slight increase in the residuals can be seen in the area ofkhar@ the M elges, showing

that the fit could be further improved in the region of those eddégure 37b)showsall the
crosssection contributions to the final fshown in Figure 3.7a&)Vhen looking at the A edge,

the graph shows that both the VN (green) and the VC (black)-ssxs®ns contribute to the
MLLS fit in that area. The VN cragxtion also has a significant contribution to th&kNedge.

It is noted that a crossection fornitrogen, extracted from the VN one, was also used in the
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to fit over the nitrogen edge. This is shown in pink on the graph, and it can be seen that the
contribution from it is negative. The negative contribution suggests that the precipitate
contains les nitrogen than the binary nitride standard used in the MLLS fit.
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Figure 37a): Extracted spectrahowing the precipitate signal in blue with the spectrum obtained
from the MLLS fit shown in red and the fit residuals showing in green and b) Theeotimss used
in the MLLS fit to the precipitate signal (blue). Image first published in Crave2e1&)]95].

While the results of this MLLS fit show fairly evenly distributed residuals in areas away from
the edge, it was hoped that the elemental edges could be fitted better and that the residuals
could be further minimised. A major issue with the fit presehhere is the background
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subtraction. The effects of EXELFS extend to about 200eV after their edge, meaning that the
background is affected over large regions making it deviate from a power law. It was then
decided that the background should not be remdvprior to performing the MLLS fit
anymore.

3.4. Accurate quantification using MLLS fitting

Using the fit coefficient maps obtained from MLLS fitting, together with scripts doing basic
calculations, allows us to accurately quantify the chemistry ofdkatified precipitatesFirst,

the data is processed up to obtaining a deconvolved spectrum image as explained in Section
3.1. The standard method of quantification after that point would be to fit a standard power
law background under the edges to be qtiiad [54]. However, the position of the
background and signal windows, together with their widths, have a significant effect on the
results of the quantification and are dependent on user choice. Additionally, the method
depends on theoretical crossections whichare known to deviate significantly from the
experimental ones. Therefore, it was decided not to use this method. The differences
between experimental and theoretical cressctions are discussed in detail in Chapter 5 of
this thesis, with a detailed discsisn of quantification being given in Chapter 6.

The method used initially in this research, and described in the previous section, was to
remove the matrix and then remove the background from the precipitate signal before the
MLLS fit and running the quéfication script.
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Figure 38: The results of the quantification in the case where the matrix was removed, followed by
removal of the background shape

However, the results of the quantification have been greatly improved by not removing either
the matix or the background shape. Instead, the MLLS fit is done directly on the deconvolved
spectrum image. The procedure is described in detail in Cratvah (2018)[105].
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The usual higlguality binary nitride and carbide spectra are used in the MLLS fit, together
with shapes for the & and NK edges. These two edges had to have the backgtoemoved

in order to be calculated, so the background shape used in obtaining them is also included as
a standard in the MLLS fitting routine. The background shape used is an experimental shape
extracted from a Tibksspectrum. Additionally, thin and itk matrix shapes extracted from
areas where there are no precipitates are used to take into account the matrix signal and
thickness variations in the imaged area. A shape for amorphous carbon is also used to remove
any surface contamination from the quafntation.

Some additional shapes can be included in the MLLS fit to further reduce the residuals. These
are not related to the sample, but to the experimental setup itself. A step function to account
for slight differences in the response from the diat halves of the CCasincluded To

take into account potential small errors due to the dark current subtraction being
automatically performed at the end of each spectrum image acquisition, a further shape being
equal to 1 at each energy loss value wasluded An example of the elemental fitting
coefficients from the full MLLS fit on four (Ti, V) (C, N) precipitates is shown in FRjuraes.
results will be discussed in detail in Chapter 6 and have been publisfEebin

Precipitate 1 Precipitate 2 Precipitate 3 Precipitate 4
(t/A),,=0.149 (t/A),,=0.259 (t/A),,=0.315 (t/A),,=0.425

Figure 39: Plots showing thdistribution of VC, TiC, C from VC, N from VN adnefour (Ti, V)(C, N)
precipitates in a high manganese steel. Image first published in Craven et al.[(2B]8)
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The MLLS fit coefficients are then used in the quantification script (written mainly by Prof.
Alan Craven and copied in Appendix 3 for the full version to quantify Ti, \Wbnaith
permission together with the map of the zerwss peak intensity at every pixel, the splice
ratio map, the lattice parameter of the precipitafeill be slightly different depending on the
exact compositionand some experimental parameters sugh acquisition times. The script
does the following:

1. Sum the individual elemental fit coefficients (such as TiC or C from VC) to create a
mask of the precipitateUse this mask to remove the matrix from the dataset and
leave just the precipitate to be déawith.

2. Qalculatethe coefficients for the individual metals, for example V = VC +Th&h
calculate the total amount of metal as Ti + V + Nb.

3. The number of metal atoms per unit area is calculated by dividing the total amount of
metals calculated in Spe2 by the ZLP intensity (this normalises the data and takes

thickness effects away), the——— (takes out any differences left between the

two) and then by dispersion (in eV/ channel as crasstion is given in barnsY).
Finally, a conversion factor is applied to move from barns to nm.

4. The thickness of the precipitate in unit cells is calculated by dividing the number of
atoms per unit area by the number of atoms/Aim the cell (i.e. 4 for an FCC deahe
cube of the lattice paramete). This can then be multiplied by the unit cell dimension,

a, to obtain a total metal thickness in nm.

5. The process is repeated for the nametals in the precipitate.

6. Individual profles for each element can be calculated in the exact same way by
starting the process from Step 3 using for example Ti instead of Ti + V + Nb to give an
equivalent thickness for Ti.

7. Elemental ratios are calculated by dividing each metal by the total ammfumietals,

i.e. X inTkVaxGN:is Ti thickness divided by total metal thickness. The same is true for
non-metals.

8. The rest of the script deals with setting tags and saving data rather than calculations.

The script produces compositional maps showimg position and relative concentration of
different chemical elements in the precipitate. Line profiles can be easily drawn on these
maps, which will provide the equivalent thickness of each element in the precipitate. Such
line profiles are drawn througthe center of a (Ti,V,Nb)C precipitate from steels produced by
CRM in Belgium for this project are shown in Figuré.3.1

From Figure 3.11 a), the equivalent thickness of the individual elements in the precipitate can
be seen. There is about twice as much vanadium as titanium, with the thickness of carbon
being only slightly less than the total amount of metal in half of giecipitate and slightly
more in the other half. No amount of nitrogen was detected, and as such we can confidently
say that the precipitate was a metal carbide.
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Figure 3.11 b) shows the quantities of titanium, vanadiumand niobium (assuming Ti + V +Nb
=1) across the precipitate. The relative amount of titanium can be deduced from the figure
to be about 0.3 from the total amount of metal, with vanadium being about 0.5 and niobium
about 0.2. This suggests that the precipitate has the approximate chenocailula
(TbaVosNbo2) C. The flat profile ok means that the amount of titanium is constant
throughout the precipitate, with some segregation between vanadium and niobium being
possible based on the shapes of the profiles.
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Figure 3.0 a): Line profiles of equivalent thickness for each element in a (Ti,V,Nb) C precipitate and
b): Values of x, y and {¢v) metal coefficients ithe TiV\Nb1xG precipitate

More results from this method will be discussed in detail in the chaptercdeeld solely to
the quantification of precipitates using DualEELS.

3.5. Factor rotations

Factor rotation is another function available in the Multivariate Statistical Analysisrpfog
Digital Micrograph, with the function of maximising the varianceitifer the spectral or the
special factors i.e. to enhance the contrast of one donjaBj. Factor analysis makes the
interpretation of data easier, especially with the scores and loadings resulting PG/
having no direct physical meaning. As opposed to PCA, factor analysis providegoeasier
interpret results which are elemental spectra correlated to respective abundance raps.
example of such a spectral result is shown in Figure 3.11 f), witlpietral factor shown in

grey and the original extracted spectru shown in blue. While their intensity is different, the
main features are present in both and can be interpreted. This is not the case with individual
spectral components, an example of whistshown in orange in Figure 3.11 f).

Factor analysis was used when processing large area maps of small precipitates, as it worked
well in separating the faint signals from the precipitates from the rest of the matrix. This made
masking easier. The procassg steps taken to analyse large area maps are described in section
3.6. below.
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3.6. Processing large area leass maps

Lowloss EELS mapping has been used for a number of years in identifying different chemical
phases present in a samgdE06]. The method, and a review of research in which it has been
used in the past can be found in Chapter 4 of this thesiStegpter 3mainly deals with the
processingf acquired data. Due to the shortened acquisition times required forltss EELS

in comparison to highoss EELS or DualEELS, mapping can be done much faster, thus allowing
the imaging of much larger areas.

Large area lovloss mapping has been used exsively to identify precipitates and calculate
their distribution. As only the lovoss data is acquired here, splicing as described in Section
3.1.6. has not been used. Apart from that, most of the steps, from aligning the ZLP to noise
reduction using P&, areused In the lowloss spectrum, features such as the iron and
manganese plasmons, and Ti, V and Nkeddes are used to differentiate between
precipitates and the matrix.

Once PCA has been done, there are two methods to extract a map showing thgitates.

One way is to do an MLLS fit on spectra using standards from well understood binary nitrides
and carbides, together with standards for the matrix, with the resulting fitting coefficients
representing maps of the precipitates. This has been éx@thin the context of accurate
guantification in Section 3.4. The other method is to use PCA and factor analysis, where the
components showing the precipitates can be used straight away as maps. During this research
the second method has been used moréeof The resulting maps from the PCA component
showing the precipitates arthen summed withthe map showing the precipitates befsom

the factor analysis. This enhances the precipitates and reduce the signal to noise ratio in the
final map to be used.

Once a precipitate map has been obtained, data processing and particle analysis can be
applied following a series of steps. These steps will reveal the outline of the precipitates and
provide measurements such as diameter, and hence precipitate volume utider
assumption that the precipitates are spheridalhile most precipitates can be assumed to be
spherical, some of them are not and this could lead to uncertainties which will be discussed
in Chapter 4This method for extracting the outlines of precagiits and their diameters is
outlined in Figure 31 This shows the original pygocessed spectrum image which has
undergone all the steps up to and including PCA reconstruction (a), followed by the map
obtained from PCA components (b) and factor rotasidn). b) and c) are then summed to
produce a cleared, less noisy map of the precipitates. This is then masked using a custom
script to produce a binary map, as shown in d), where the precipitates are represented with
1 count and the matrix by O counts.i$kessentially produces a map of the precipitate outlines.
The particle analysis pltg for Digital Micrograph is then used to identify the precipitates
based on their outline and measures a range of statistics for them including their circular
diameter. This can then be used to calculate the volume of the precipitates under the
assumption that they are spherical. f) shows the original spectrum, and how it compares with
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the outputs of PCA and factor analysis. The results from PCA cannot be correlated aack
real signal and have been magnified significantly to be visible. The results from factor analysis

are much easier to correlate to real signals in the sample and can be interpreted as spectral
signal.
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Figure 3.1 Procedure for quantifying precipitastatistics from a loWwoss spectrum image: a)
shows the spectrum image before PCA is applied. b) shows the PCA component map that shows the
precipitates. This is summed with c), which shows the precipitate map as obtained from factor
analysis. d) showthe sum of b) and c) after a mask has been applied to remove all matrix
contributions and contains only the outline of the precipitates. e) shows the precipitates after being
identified and analysed using the particle analysis software feature. f) shevs@¢PCA spectrum
image (blue) and compares its shape with the shapes of the outputs from PCA (orange) and those of
factor analysis (grey) showing that the outputs from factor analysis can be correlated back to the
original spectrum while the outputs froPCA cannot.

The final step in the processing is to normalise the particle size distribution to be expressed
in terms of particles per unit volume. Tle@ndy dimensions of the datasets, and hence the
scanned area, are known for each dataset. As the datguired is the lowoss spectrum
image, the thickness of the scanned area can again be easily obtained framxfixaction

in Digital Micrograph and from knowing the mean free pattf electrons in the iron matrix.

The volume of the matrix can eadilg obtained using the formula for the volume of a cuboid.
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Dividing the distribution of precipitates by this volume will provide a normalised particle
distribution.

3.7. Summary

The raw data that has been collected using DualEELS contains a large amount of random
noise, as well as systematic errors due to the microscope and spectrorBefere any useful
information about the composition and distribution of precipitates in the@ced steel data

can be obtained, the raw data must be processed and analysed. The initial processing deals
with reducing both the volume of the datasets and the amount of noise within them present
using methods such as Principal Component Analysisisthen followed by removing plural
scattering within the specimen from the datasets using a Fodogideconvolution method.

The final analysis steps extract the precipitate information from the data, whether it is their
distribution and size from theiv-loss maps, or their accurate chemical composition from the
MLLS fitting of DualEELS data.

The results of using these techniques on different EELS spectrum image datasets from a range
of different steels from the project will be presented in the follogyichapters. Firstly,
Chapter 4 will concentrate on the lelwss mapping of precipitate distributions and using this

to measure their size distribution and analyse where in the matrix they form. Chapter 5 will
discuss how experimental cressctions are btained for a range of binary carbides and
nitrides used to accurately quantify precipitates. Quantification results are presented in detalil

in Chapter 6, with a range of precipitates from different samples being discussed.

71



CHAPTER 4

Large area lowoss EELS mapping

As reviewed above in Section 1.3, the mechanical properties of microalloyed steels are
critically dependent on the size and distribution of nanoscale precipitates. This depends on
the alloying element content, and upon ttBermomechanical treatment schedule. Thus,
mapping nanoscale precipitate distributions in such steels over large enough areas to gain
statistically significant results is critical to understanding the procegsenfprmance
relationship in such steels. iBlchapter discusses how large enough volumes of steel can be
mapped using lowoss EELS to identify the precipitates and measure their size distribution.
This is then used to study two different sets of steels originating from within the PreTiControl
project. Firstly, we study a martensiticSNb3 -7 steel tempered at 600°C for different
amounts of time and follow the precipitation evolution, as well as looking qualitatively at
precipitate composition in larger precipitates in this steel. Then, tlezipitate distribution
inaTilONB3Vn al YLIX S GSYLISNBR G cnne/ A& RSGOESNXYA

4.1. Motivation

Hardness is an important property of steels, and one way of influencing the hardness is with
the formation of small precifates, as discussed in Chapter 1. Hence, understanding the
formation of precipitates and the conditions that influence their formation is important.
Ideally, their relationship with the steel matrix would be investigated as well. However, while
extremely important, analysing the distribution of the precipitates while they are still
embedded in the steel matrix is a challenging task. Methods of analysing precipitates do exist,
but they often involve chemically extracting the precipitates from the matrigeemlly using

the carbon replica extraction techniqy&07]. This, whilst it can provide extremely useful
information, has a lot of drawbacks, such as:

1 thematrix is dissolved in the process, so the relationship between the precipitates and
the matrix and their distribution within it are lost

1 the smallest precipitates might not be extracted at all, so we cannot obtain any
information about them

1 the precipiate composition may be altered during their extraction, making accurate
guantification impossibl¢108].

3D atom probe tomography would solve many of the issues associated with carbon replica
extraction, analysing precipitates that are left in the matrix. However, the amount of sample
analysed is very limitedvhichis a disadvantage when trying to analyse a large number of
precipitates over a large sample volurfi09]. Additionally, some of the ion species are
difficult to identify due to peak overlaps, such as the peak at a mass to charge ratio of 28 being
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representativeof both “N,* and °¢Fe* ions. When atom probe tomography results of
vanadium precipitates in steel were compared to results for the same sample obtained by
carbon replica extraction, there was a >1 ratio of Fe/ V in the precipitate cores. As the
precipitaes would not contain iron, especially not in such large quantities, these results were
likely due to aberrations in the ion trajectories leaving the specimeesddberrations led to

a large reduction in lateral special resoluti@a].

Energyfiltered transmission electron microscopy can produce maps of large areas of the steel
and identify the position and size of precipitates as well as a qualitative assessment of the
elements presen However, it is not possible tquantitatively determine their chemical
composition, with the minimundiameterof detectable particles being larger for EFTEM than
for EEL$L10]. Additionally, the spatial resolution available in EFTEM is diffraction limited at
~1nm, which is larger than many of the particles expected to have formed in the steels
discussed here. The signal to noise ratio (SNRiticles with diameters of the order of only

a few nm is poor in EFTEM, further limiting the achievable resol{fioja As such, a better
method had to be developed that would image many precipitates that are still embedded in
the matrix and measure their distribution over large areas while allsaving the composition

of a select few precipitates to be accurately quantified with minimal changes to the
experimental setup.

4.2. Lowloss EFTEM and EELS mapping in principle and practice

Warbichler et al. used EFTEM to identify precipitates andhdraiindary phases in a ferritic
martensitic steel with 10% chromium addgd 1]. The Fe 3edge was used for imaging, with

the small precipitates identified using the absence of iron in their composition. Due to the
position of the &K edge at just under 300eV and that of theKNedge at 400eV, they
overlapped with the broad, delayed 4d edges of niobium and molybdenum making it
difficult to obtain maps of carbon and nitrogen, let alone trying to quantify them. Hattestrand
and Andrén used EFTEM to evaluate the size distribution of precipitates%n c@®mium
aGSSt 3ISR A&z i KS N2 Améng btliler peeaipitate’s andl ghRses; AN ¢ /
and Mp3Gs precipitateswere identified, with their rough volume fraction in the sample being
estimated by assuming they are spherical and from knowing the average thickness of the
sample from thickness maps obtained from the unfiltered images and alassamage. Of

the VN pecipitates found, many had diameters much larger than 10nm while most of the
M23Gs particles had diameters of 50nm or more. By comparison, many of the precipitates we
were interested in had diameters of 1nm or even smaller, so a different method was cieede
to image them.

The earliest studies to have used kvgs EELS to differentiate between different phases and
components have investigated different phases in polymer compounds, such as a study by
Huntet al. in 1995[106]. To differentiate between the polymer phases a window was used
to select a specific louoss peak for one organic molecule, and the intensity inside integrated
to give a map, whilst excluding peaks corresponding to the other molecules. By selecting
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different window positions, different molecules could be mapped. BFG&h also be used in

a similar way, with the narrow slit being placed so that the -loss spectral features
corresponding to certain polymer compounds are mapped while those corresponding to
different compounds are not. This technique was used for exarbplLinares et al. in 2009
[113] to dielectric polymers and some inorganic compounds such as aluminium phosphate.
The differences in the EEL spectra corresponded to areas adragpwmposition imaged using
EFTEM. Similarly, Valadaretsal. [114] investigated aggregates made from polymers and
inorganic particles such as silica and aluminium phosphate, this time also using EFTEM
together with lowloss EELS. Differezecbetween the lowoss EEL spectra of different regions
were visible and correlated back to compositional maps of carbon and phosphorus obtained
by EFTEM. More recently, Annaetlal. used EELS and the differences in the shape of low
loss spectra to diffientiate between different phases in oxidized Zircalbgnaterial to map

the oxidemetal interface[115].

The lowloss mapping method takes advantage of the difference in electronic band structure
and lown-lying atomic statedetween the different phases, which leads to differences in the
dielectric function. As the shape of the ldass spectrum in the plasmon region depends
partly on the dielectric function of the material, there is an energy window wlibe shape

of the lowloss spectra differs between the different phases. This can be seen in Figure 4.1,
where spectra taken from this PhD research shows theltms spectra of precipitates when
compared to that of the steel matrix, with the energy ravgeere the two differ significantly
highlighted. Using a background before that region (typically a first ordepdbgromial
rather than a power law is used in the plasmon region) and integrating over the window
where the lowloss shapes are different Wiquickly reveal a map of the precipitates.
Extracting a spectrum from one of these and using it in an MLLS fit over that region together
with a shape from the matrix, will produce a good quality map such as the one in Figure 4.2,
showing the position aémall precipitates throughout the imaged area.

— Matrix
- Ppt

Counts

0 50 100
Energy loss (eV)

Figure 4.1 Lowloss spectra extracted from both precipitates and the steel matrix, highlighting the
difference between the two
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The region highlighted in the red box in Figure 4.1 conttiesmetal(Ti, V, NbM-edges as
well as plasmons from iron and mangane&s.the matrix contains iron and manganese and
the precipitates contain Ti, V and Nb, this causes the difference betwe=matrix and
precipitate extracted spectra as seen in Figure 4.1.

0.2 pm

Figure 4.2a) Map of a precipitate rich region in one of the steel samples discussed in this chapter
(75 minutes tempering time), clearly showihgt many of the precipitates have formed along lines
and throughout the sample and b) annular dark field image of a larga of the steel showing
individual grains and grain boundaries

4.3. 600°C tempering of a martensitic¥/ Nb-3, Ti5 steel

The samples have been provided by CRM and are part of a tempering series of a martensitic
steel. The steel composition in is 0@&% carbon, 1.8 wt.% manganese, 0.03 wt.% niobium,
0.05 wt.% titanium, 0.07 wt.% vanadium, 0.005 wt.% nitrogen, 0.03 wt.% aluminium, 0.02
wt.% phosphorus and 0.002 wt.% sulphur, with the rest being iron.

The samples have undergone two different heatihglding and quenching cycles before
0SAy3 GSYLISNBR G cnne/ X +Fa RSGFIAESR Ay CA3d
0SAy3 KSEtR G mnnne/ F2NJ2yS YAydziS RdzZNAy 3 0
the second cycle. The rapidalmg ensures that the carbon from the original austenite steel

cannot escape solid solution, thus remaining trapped in a distorted martensite structure.

' FGSNI GKA& aSljdsSyO0S 2F aidSLlaszx GKS aidisSSta oSN
followed by a final rapid quench to preserve the resulting structure, with the hardness being
measured for each tempering timearge precipitates were believed to have formed in the

early stages of the processing steps when the steel solution was kept at éigpetatures.

During the tempering cycle at the end is when the small precipitates were expected to form

in the case of these steels.
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Figure 4.3 The thermal treatment applied to the-FiNb3 \L7 steel series provided by CRM, with the
finalstaged SAYy 3 GKS 2yfeé 2yS RAFFSNByld F2NI SIFIOK 2F (K
taking different amounts of time for each of the samples

The hardness was measured with respect to the isothermal tempering time, with the
maximum hardness beingeasured in the sample tempered for 60 minutes, as can be seen
on the graph in Figure 4.4. There was a progressive increase in hardness between a tempering
time of 15 minutes and 60 minutes, with the hardness decreasing again for the samples
tempered for 75and 90 minutes. To investigate the precipitation across the tempering series
and relate it to hardness, samples to either side of maximum hardness have been prepared
and analysed. With the precipitation in the samples tempered for 15 and 30 minutes egpect

to be minimal, those samples were not analysed. As such, the precipitation has been mapped
and the size distribution measured for the four samples tempered for 45, 60, 75 and 90
minutes respectively.
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Figure 4.4Measured hardness as a function oftisrmal tempering time for the I5 Nb-3 \L7 steel
ASNRASAa GSYLISNBR Fd cnne/ F2NJI RAFFSNByYy(d | Y2dz/ia
minutes were picked for analysis

4.3.1. Data acquisition

The four samples analysed have been preparedguie FIB lifout technique described in
Chapter 2 of this thesis. LeMyss EELS data has been acquired using the aberration corrected
JEOL ARMZ200CF electron microscope equipped with a cold field emission gun and a Gatan
Quantum ER EELS spectrometer vidtrelEELS capability. It was operated with an emission
current of 14.6uA, giving a probe current of approximately 3000pA. The typical probe semi
convergence angle was 29mrad, and the Glasgpecific posspecimen lens setup giving a
spectrometer collectio semiangle of 36mrad.

The exposure time for acquiring the ldass spectrum image was 0.0001s per pixel, having
been chosen to ensure a long enough exposure time to give an appropriate signal to noise
ratio but low enough to not saturate the detectoro Tdentify the smallest precipitates, step
sizes used were of the order of 1nm or smaller.

Once areas rich in precipitates had been identified, DualEELS data of selected precipitates and
matrix structures was collected for chemical analysis. Further ldetafi the analysis
methodology will be given in Chapter 6, although some results are given below.
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4.3.2. Precipitate size distribution as a function @mperingtime

The data was processed as described in Chapter 3, and the sizes of precipitatesdrave be
measured using the Particle Analysis piufpr Digital Micrograph. Often, if precipitates were
close together (for example having formed along a grain boundary) the algorithm would
identify them as just one larger particle. In this case user intereanwvas required, and the
total diameter found by the algorithm would be divided by the number of precipitates
identified.

Figure 4.5 Maps of 1200nmx100nm precipitate rich areas in each of the four CRM samples analysed,
with the 90min sample showing timeost precipitates and the 45min sample showing very few by
comparison

Examples of the analysed areas in each of the four steels are presented in Figure 4.5,
illustrating the differences in precipitation between the samples. The maps cover areas of
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100nmx 100nm(in total areas covering a feam? were imaged for each of the samplex)

the steel and maps are in good agreement with the combined histograms in Figure 4.9,
showing a decrease in the number of precipitates per imaged area from the 90 minutes
tempered sample to the 75 and 60 minutes samples. The concentration of very small
precipitates decreases as well, which can be seen when comparing between the maps for the
90 minutes and the 75 minutes tempered sample. There are significantly fewer precipitates
in the 60 minutes tempered sample, especially precipitates under 2nm in diamébe
sample tempered for 45 minutes had by far the smallest numbers of precipitates mapped
overall, and areas of a similar size to those of the other three samples could not be found to
contain precipitates. Therecipitaton in this sample is very inhamgeneous and occurs
mainly on grain boundaries thare likely to have beein the steel from the previous
austenite phase prior to quenching into martensite. This can be seen on the maa feih

large precipitates being visibl&he map also shown arsavhere smaller precipitates could
have formed alongside lines, but this precipitation is restricted to the centre of the imaged
area and is very inhomogenousdditionally, these precipitates are overall of larger
diameters than most precipitates found the other samples. This suggests that they have
formed in austenite at high temperature, and not during the tempering process.

Larger precipitates have often been identified alongside grain boundaries or previous grain
boundaries thatappears to have beedisplacedlater in the processing cyclé series of
precipitates formed alongside a grain boundary that has later been digplaas found in

the sample tempered for 60 minutes. The survey image can be seen in Figure 4.6, with arrows
pointing to the diection of the grain boundary. The precipitates can be seen as darker areas,
originally running from the top of the image downwards alongside the boundary. They then
turn towards the right, where the boundary would have been before being displaced towards
the left in the survey image. The green box around the precipitates and some of the boundary
represents the area that has been mapped using EELS. MLLS fitting of tlesdodata
suggested that the particles are metal carbides, however accurate quatitificaf the low

loss areavasnot possible yet due ta lack ofuitable crossections for all the edges present.
However, even with low integration times, DualEELS provides enough signal in thesksigh
spectrum to make a qualitative estimate of the cpaosition of these precipitates. Elemental
maps of the precipitates and grain boundary in the 60 minutes tempered sample discussed
above are shown in Figure 4.7. The maps were created by using a simple power law
background before the respective edges antkgrating the signal over the edge. While this

is not the ideal background for accurate quantification and an experimental one would be
preferable, the noise level in the data made only a qualitative investigation possible. All the
precipitates are metatarbides as suggested by the MLLS fit on theltss data, with high
concentrations of titanium and vanadium. There is some evidence of niotwever, due to

the Nb-M edge being at lovenergy losses in an area dominated by strong EXELFS from the
other metal M-edges putting an accurate background before it is problematic. No evidence
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of nitrogen was found in these precipitates. The grain boundary is manganese rich, with some
of the precipitates having an increase in the manganese content as well.

Figure 4.6 Survey image showing a grain boundary (indicated by arrow) and precipitates having
formed in the region (dark grey)

5nm

Figure 4.7 Composition maps for a series of precipitates formed along a manganese rich grain
boundary
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Metal carbides and trides have a rockalt structure, meaning that the precipitates will have

a face centred cubic structure. However, they are formed in martensite, which has the ferritic
body centred cubic structure. Thus, the formation of precipitates in this stesifollow a
Bakerg Nutting orientation relationship with respect to the ferrite matrix, forming as fine
plate-like particles. These have been observed extensively in the past, for exaynpénet

al., in the case of titanium carbides forming in a titaniunatbieg stee[116]. This was clearly
observed in the steels studied here, and an example of this will be discussed in detail in
Chapter 6. There, the diffuse precipitates appearing larger are seerofgaeith the intense
precipitates that appear small and elongated besegn edgeon.

For each sample in the CRM provided steels (tempering times 54, 60, 75 and 90 minutes), a
few areas were imaged to identify precipitates. Examples of the imaged areas for each of the
samples can be seen in Figure 4.8.

The precipitates were identified aftehe datasets have been processed as described earlier

in Chapter 3 of this thesis. Their sizes were measured and the number of precipitates in each
of the diameter ranges has been calculated. The results can be seen in Figure 4.8, showing
the number ofprecipitates identified for each sample in each diameter range. For each of the
samples, most of the precipitates are under 4nm in diameter. Their size distribution follows
the same shape for each of the samples, with most of the precipitates being srdahty a

small number of precipitates identified having diameters above 8nm.
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Figure 4.8The total number of precipitates identified in each diameter range, for each of the CRM
samples from the tempered martensite series
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Whilst the plots of Figure 4@ovide a useful insight into the size of the precipitates and their
relative abundance, they do not provide an absolute measure of the precipitate distribution
or allow for comparisons between the sampéesthe total areas and volumes imaged are not
exectly equal However, the lowoss EELS spectrum also allows thickness determination in
terms of the mean free patk[117]. Thus, the thickness of matrix in the area imaged may be
determined, provide<is known, and thus the total volume of the matrix analysed may be
determined. Dividinghe precipitate distributions of Figure 4.8 by the total volume of matrix
imaged gives the precipitate distribution per unit volume. This is shown in Figure 4.9 for all
four samples using total analysed volumes of approximately 0.03for the samples
tempered at 90, 75 and 50 minutes, with the distributions combined onto the same
histogram. There are really two stories combined here. Firstly, all samples have similar
distributions of 36 nm precipitates.These precipitatemay have kben formed earlier in the
processing at higher temperatures and were unaffected by 600°C tempering. Secondly, the
concentration of small precipitates < 3 nm increases strongly with increasing tempering time,
suggesting that the nucleation and growth oftlsmall precipitates is the main story here.
There is one anomaly in that the sample tempered for 45 minutes appears to have a larger
number of precipitates in the-3nm diameter range than expectegdwhich may indicate
some local inhomogeneities (and ttaal volume of material analysed for 45 min was smaller
than for the others; in this case it was approximately 0.001$)nThis sample also had a larger
number of large precipitates than all other samples. The probable reason for their high
concentration is that the larger precipitates were formed on grain boundaries at much higher
temperature, and they are at a low concentration overall, but one TEM sample caught a high
concentration area containing a precipitatkecorated boundary.
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Figure 4.9Compaison between the number of precipitates per unit volume in each diameter range
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At the higher temperatures at the beginning of the processing cycle asisdagure 4.3, the
formation of precipitates of larger diameters is expected. These were usually found to have
formed around preexisting defects and irregularities in the steel microstructure, such as grain
boundaries. These larger precipitates haveigniicant manganese content on top of the
large vanadium and titanium carbide contributions, as seen in Figure 4.8. No significant
nitrogen content has been detected, with little evidence of a small amount of niobium
potentially present in the precipitate

At the end of the thermal processing cycle, the steel was tempered at lower temperatures for
different amounts of time. It was during this tempering process that the smaller precipitates
have started forming throughout the individual graii@me of tlese precipitates appear to

be very faint and circular, while others appear very elliptical and show up bright when
mapped. This could bevidencethat these precipitates being platike, quite likely following

a Baker¢ Nutting orientation relationshipThe faint, circular ones would in this case be
observed topdown while the bright, elliptical ones would have been imaged enlyel hey

are face centred cubic, rodalt structures that have tried to form inside a body centred cubic
matrix. The differencenistructure meant that it was easier to expand in diameter in one axis
than in another, thus forming platkke structures and not spheres. Since the precipitate
diameter distributions are calculated based on the assumption that all precipitates are
sphertal, this could introduce an error in the size distribution of small precipitates.

Comparing the precipitates distributions in Figure 4.9 to the hardness plot in Figure 4.4, an
initial increase in hardness with an increasing tempering time (from 45 nsng®@pering

time to 60 minutes tempering time) can be sedtilowever, the precipitate number was
highest in the steel tempered at 90 minutes, where the precipitates were also the smallest.
This discrepancy between the number of small precipitates and teel stardness is not
commonly seen. There are many reasons why this could be the case here, and from
discussions with the project partners it was suggested that the initial increase in haigdness
is due the nucleation of small precipitates and the subsequent increase in dispersion
hardening. Howeverthe overall decrease in hardness for tempering tintegherthan 60
minutescould bedue to the loss of titanium and vanadium from the solid sadlatinto the
formation of more and more precipitates and a loss of solid solution harder@iger
suggested reasons for the discrepancy could be to do with changes in grain size or
microstructure heterogeneity.

4.4. Precipitate mapping in aT0 Nb3 steel

In addition to comparing samples of the same composition that have undergone different
thermal treatment, we have analysed a sample having a different composition. This sample
was provided by CEIT in Spain and costaiare titanium than the CRM seriésit does not

have any added vanadium. The composition of this steel in weight percentages is 0.06 wt.%
carbon, 1.8 wt.% manganese, 0.03 wt.% niobium, 0.10 wt% titanium, O wt.% vanadium, 0.005
wt.% nitrogen, 0.03 wt.% aluminium, 0.02 wt.% phosphorus add2wt.% sulphur, with the
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rest being iron. This sample has undergone two cooling stages as can bie Begure 4.10
I ljdzA O] O22tAy3 aidl3aS FTNRY dnne/ (G2 cnnel = |
Hnne/ O0STF2NB 06SAy3 |weSotdite RrmédmichBtrackired S Y LIS NI
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Figure 4.10The thermomechanical treatment applied to the steel of compositid® N3 \-0.

This steelwasprepared in the same way using the FIBdift technique, with the STEMELS

data being collected using the same microscope settings and parameters as in the case of the
CRM samplesAn ADF image of the steel lamella, with different grains visible, caed® in

Figure 4.11 with a much smaller area of the steel, this thi®@nm x 100nmbeing shown in

Figure 4.2 with some precipitates visible

Figure 4.11ADF image of a lamella prepared from the CEIT steel, showing different grains and the
boundariedbetween them.
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Figure 4.2: Precipitate map of a 100nm x 100nm area in thtOTNbB3 steel

The data was analysed in the same way, and the number of precipitates per unit volume and
their diameters are shown in Figure 4.12 below. A much smatlieime was imaged for this
steel than for the ones in the tempered martensite series, with only a 0.083yaving been
imaged. This was due to the sample being slightly damaged during the FIB milling.
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Figure 4.B: The distribution of precipitates per unit volume in @eMsampleof base composition
TH10 NB3

Compared to the steels containing vanadium but less titanium, the diameter range of these
precipitates is smaller. In this case there are no precipitategnigadiameters below 1nm in
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diameter, and no precipitates with diameters larger than 7nm have been found. The
histogram agrees with the map in Figure 4.11, where most of the precipitates are roughly the
same size with extremes in diameters not being visiblthis case. In this case it is possible
that the nucleation of small precipitate has stopped earlier in the processing cycle, hence the
lack of precipitates with diameters less than 1nm and the relatively small number of particles
with diameters in thel-2nm range, which were abundant in the tempered martensite steels.

4.5. Possible sources of systematic errors

A note on the errors on the size distribution needs to be made here. The erromdaigure

4.6 are fromy10, with N being the number gbrecipitates in each of the diameter ranges.
However, there are several other errors introduced by the analysis procedure. As it can be
seen from the area maps in Figure 4.7, precipitates often form close to one another and along
pre-existing structures ithe matrix. Often when this was the case, the masking script and
Particle Analysis pluign would identify multiple close precipitates as just one. When this was
the case, the diameters identified were manually divided by the number of precipitates
identified together. This assumes that they all have the same diameters, which might not be
the case. They are also assumed to be spherical, which again is not always the case as plate
like precipitates have been identified throughout the samples. Another passitlirce of

error in the analysis is again due to how the precipitates are masked and identified. It has
been noticed that the very small precipitates are often identified as smaller than they are
while the large precipitates, especially if surrounded hieker, brighter region of matrix,

are identified as being larger than their actual diameter. In terms of the size distribution of
precipitates, this means that the very small diameter precipitates could be slightly larger than
measured while the largé®nes could be slightly smaller. This has been noticed for each of
the samples and datasets analysed as part of this research. This doé®mwewver, change

the shape of the distribution. None of the issues discussed here affect the overall shape of
the size distribution and they only affect a small number of precipitéties largest number

of affected precipitates was about 10 in a dataset where over 100 have been identified in
total).

4.6. Summary

The precipitate distribution of four steels belonging to a tempered martensite series was
measured using lovoss EELS mapping. The four steels had been processed identically until
GKS GSYLSNARYy3I adl3ISsy gKSNBE (GKSe& gSnies KStR
respectively.

The distribution of precipitate sizes is as was expedtedh discussion with the project

partners with more small precipitates nucleating the longer the steel spends being tempered

Fd cnnel @ ¢ KS F2NXYI (en@ythezh@Frdnésy of thé steelJNEBhCaR LIA G |

increase in the number of precipitates leading to an increase in the hardness of the steel.
However, the peak hardness is achieved when the sample is tempered for 60 minutes and
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then decreases for the 75 and 90 miaes tempered samples. This is due to martensite
softening as tempering time increases. Additionally, the formation of precipitates removed
alloying elements such as titanium and vanadium from the matrix, leading to further softening
of the matrix. As suchthe overall hardness of the steel is a result of hardening due to the
formation of small precipitates during tempering, and of softening due to both carbon and
transition element precipitatiofl18]. Precipitation initially increases the strength before the
softening effects become dominant with increasing tempering time.

While it was possible to measure the size distribution of precipitates formed in steel before,
the methods available would either remove the matrix and potentially alter the chemistry of
precipitates, or only analyse small volumes of matrix and be undaitab large area
characterisation. The work presented in this chapter eliminated both of those issues, by
mapping large areas of the sample over short time intervals and providing the opportunity to
analyse particles while still embedded in the matrix.tieks as small as 1nm in diameter can
be detected effectively, with small platéke particles detected in multiple orientations.

Large area loWloss mappingallows for not just the identification of precipitates and
measurements of their size and distution, but also for an initial qualitative analysis of their
composition. Once the precipitates have been identified, it is also easy and quick to switch
from acquiring just the lovoss data to DualEELS acquisition, making chemical analysis much
more time efficient than previous methods such as EFTEM, which require more changes in
the microscope and acquisition setting®n in-depth analysis of the composition of some
selected precipitates will be presented in Chapter Frst, more details required for
guantification, such as obtaining experimental crgestions, will be discussed @hapter5.
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Chapter 5

Accurate measurement of EELS differential cregstions

Acquiring DualEELS data means that we have access to the complete energy range of the
spectrum, including the ze#lmss intensity.In addition to removal of plural scattering by
Fourier logarithmic deconvolution, which has been discussed in Chapter 3, this allows the
edge intensities to be normalised and for the local thickness to be debechfill19].

Historically, much of EELS quantitatarealysishas been done using theoretically calculated
differential crosssections. There are two models that are routinely used to calculated the
crosssections; these are the hydrogenic and the HariBater models[120] [121]. The
calculations are based on isolated atoms and do not consider the contributions of
neighbouring atoms present in a solid. As sucleytdo not contain any information of the
energy loss near edge structure (ELNES) or the extended energy loss fine structure (EXELF).
As discussed in Chapter 2 of this thesis, both ELNES and EXELF provide important information
about the materials studied.hE theoretical calculations also do not include the white lines
present in the cordoss edges of transition metals, although a method for including them has
been proposed122].

Additionally, even with DualEELS the energy loss range available during a single data
acquisition is limitedThe coreloss edges that can be used in quantification vary with atomic
number. For light elements sucls aarbon, the K edge can be used successfully however, the
heavier the atomic mass of an element, the higher the enéogg at which its K edge is
located in the higHoss spectrum. The accuracy of the calculated esessions varies
depending on the typ of edge. For K edges, the calculated cs®sgions are accurate to
within a few percen{123]. However, this accuracy was thought to decrease significantly in
the case of L and M edges, thus nmakihe quantification of heavier elementwhere only

these edges are availablfar less accurate. In the case of theskedges, the error on the
calculated crossection was thought the be approximately 15%, with thgsMdges having

even greater errs. However, more recent calculations show the theoretical and
experimental crossections for tedges to match quite closely after the edge. In the case of
M-edges, they also match about 200eV after the edge however the mismatch in the edge area
is still sgnificant. A further error is introduced by the fact that these edges have white lines
[123]. These theoretical crossections are used widely, for example in the quantification
routines availablen Digital Micrograph.

The approach used here to quantify the composition of specimens has been to use
experimentally obtained crossections from wetunderstood binary carbides and nitrides.
The DualEELS data from the carbides and nitrides was acquided thhe same experimental
conditions as the spectrum imaging of precipitafg24].
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There are two important issues that need te laddressed before accurate experimental
crosssections can be obtained. The first has been briefly presented in Chapter 2 when
discussing FIB sample preparation methods and is to do with the fact that milling with ion
beams can change the material andatieea surface layer of different composititmthe rest

of the material. This is minimised as much as possible during sample preparation, and the
surface layer contribution to the spectrum image is tackled by taking spectrum images over a
range of thickneses and assuming that the surface layer is of constant thickness. This allowed
us to use a least squares fitting method to extract the bulk behaVi®5].

The second issue is that the absolute thickness of the samples must be accurately determined.
The value ofif_ is obtained fran the lowloss spectrum, and if an accurate value<ab
availablethen the local thickness can be calculated. For the research carried out in this PhD,
the mean free path< has been calculated for TiC. This has been done using a needle shaped
sample of TiC and will be discussed in detail in this chapter. The mean free paths for TiN, VC,
VN, and later NbN and NbC, have been calculated by using the results from TiC toescale th
parametrisation of experimental data by lakoubovskii efI26]. This parametrisation sdes

the mean free path as a function of the material density.

5.1. Mean free path measurements

For mean free path measurements, needlegaped samples like the NbN needle shown in
Figure 5.1were used For the crossections calculated and used in thisearch, a needle
shaped sample of Tl@asused to calculate the mean free path. The sample was made before
the start of this project, as part of a different PRI27].

Figure 5.1 A large area lownagnification TEM image of an NbN needle shaped sarOpllythe
very top of the sample, where the needle is the thinngas used.

A method was used which made a direct measurement of the thickness of the needle sample
during the experiment when the spectrum images to measilrewere taken. With the
sample in a tomgraphy sample holder, a spectrum image was taken at a given degree of tilt.
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the HAADF image represents the thickness of the needle, which was then matched threctly

the (i kobtained from the lowoss spectrum image. As a needle shaped sample has a range

of thicknesses, the effects of any surface layers on its surface could be removed.

5.2. Materials and experimental methods

Initially, solid polycrystalline ceramic specimens of TiC, TiN, VC and VN were used as standards
for determining the absolute differential crosections.Later during the PhECNbN and NbC
crosssections were determined as wédlllowing the same methodlhe stoichiometry of the
samples was the following: Tiés, TiN.ss, V(@.83 VN.o7, NbG.osand NbN.oss

The standard samples for cressction calculations were prepared using the FIBolift
method described extensively in Chapter 2, with the needigped sample being prepared

by the modified method from Miller et al. described in the same cha[it28]. As described
before, FIB preparation involves the deposition of platinum layers to protect the sample
surface during milling. An organometallic precursor is used here, which means that carbon
contamination on the sdace can be an issue. It was especially important to minimise it, as
the precipitates we were interested in quantifying had carbon as a key element. To minimise
contamination, the samples were baked in a Gatan PIPS system and then plasma cleaned in
an argn-oxygen plasma using a Fischione Plasma Cleaner before being imaged in the
microscope.

All spectrum images were recorded using our aberration corrected JEOL ARM200CF operated
at 200keV with a cold field emission gun as the electron source. For recongisgectrum
images, a Gatan GIF Quantum ER energy filter with fast DualEELS capabilised. A
convergence halfingle of 29mradvasused. The spot size is approximately 1A, with probe
currents in the range of 180pA to 400pA. High EELS collectioretly was ensured by using

a collection semangle of 36mrad. The dispersion used was 0.5eV per channel.

5.3. Data analysis

After being recorded, the spectrum imagesre analysed as described in Chapter 3, following
all the steps to reduce volume and noise, splice the-llesg and highHoss spectra together
and then remove plural scattering using Fourier log deconvolution.

The method for acquiring the data was outlinedoab and involves the use of a spectrum

image recorded at one needle orientation with an HAADF image recorded after the needle
KIFra 0SSy NRGIFIGSR o0& &dn g xhap@dbé Rbtainéda@ndla prafile @  C NP
of (i kcan be taken along the axidirection. From the corresponding HAADF image, a profile

of the needle thicknesd, can also easily be obtained across the same direction. Ideally,
overlaying the two and taking the ratio would give another line profile with a constant value

of < the mean free path. However, several issues had to be dealt with before obtaining a

value of<for TiC. All samples exposed to the atmosphere form a contamination layer on the
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surface, and the FIB prepared needle was no different. However, in this case the daykc
was of a constant thickness along the needle.

The pixel size in the spectrum image (used to meaduses larger than the pixel size in the
HAADF image used to measure the thicknes®f course, the two are also recorded at
different specimen dentations. This leads to uncertainties in the axial position alignment of
the two, as well as a mismatch in the position of the sampling points for the two sets of
images. Linear plots ofand{i kweuld make obtaining easy to obtain by taking the griaht
of the plots and would remove the effects of constant surface layers or axial position offsets.
In practice, this needle shaped sample was slightly blunted towards the tip. This made the
line profiles across the images discussed earlier vary appreeiyras the square root of the
axial position. In other cases, with different shaped needles this could be different. In the case
of the data discussed here, the most stable results had been obtained by plottagainst

0 _ and taking the gradienfThis led to straight lines that were insensitive to the offset of
the axial positions and, continuing the assumption that the surface layer is constant, the
relationship betweer andii kwas expressed as a straight line of gradient m and intercept
where the mean free path of the material was extracted from.

The value of the experimental mean free path forobas found to be 103.6£0.5nm. The
predicted mean free path for Té@sis 127nm.

The lakoubovskii parametrisation was used to extrapolae mean free path obtained from

the TiC needle to the other standardhe density of the material, the number of atoms per
unit volume are needed for this. They were obtained using the lattice parameter of each of
the samples, which in turn were calcul®e dza Ay 3 +S3F NRQa [ & 02
by Goldschmitdf129]. The following experimental mearefs paths were calculated for the
Tiand V standards: 103.5+0.5 forold§299.7+0.5 for V&33, 101.720.5 for Tifksand 98.1+0.5

for VI\b.o7.

The value of the crossection at each individual energy loss is found using a least squares fit
to take the gradient of a plot of

) v 5

p 0 YO ~y VErsust _

(5.)

_ is the experimental mean free path calculated previously &nds the number of atoms
per unit volume.O O is the intensity of thew (pixel at a given energy logsThe plotwas
donefor everyw (pixel. Maps of the splice ratio, zeloss intensity and relative thickness are
also required for this calculation, $&the correspondingv ¢pixel in them. These are labelled
as'Y, O and 0 , respectively.YO is the energy widthof the channels in the
spectrum, which in the case of this research was always 0.5eVistthe time ratio, ie. the
ratio between the acquisition times for the hidgbss and the lowoss spectrum’Y j Y
replaces the splice ratithhat was used to sgie the spectra with the time ratio, thus giving an
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appropriate scaling between the intensities of the céwes and the lowoss spectraThis was
needed because, while ideally the splice ratio would be equal to the time ratio, this was not
the case and tere was a difference between the two.

The fits were performed using a custdmilt script in Digital Micrograph which generated a
spreadsheet of values of the points, fit values and deviations for each energy loss in the
spectrum. Plots of the differentiarosssection and the corresponding errors from the least
squares fit are also produced. These can then be transferred into Microsoft Excel for their
accuracy to be easily investigated. Figure 5.2 shows two of the plots for thesl@iGella

taken ata fixed energy over the entire needle to cover the whole thickness rdrigere 2a
contains the data at the energy of the[kiedge which has a high intensity. The data in figure
2b is from just before the Ib3edge in an area of low intensity. Frofmetdeviation plots, it

is clear that the data follows a very good straight line.
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Figure 5.2Plots of O YO ny Versus _ for two values of energy

in the TiGgsdataset, with a) being at the energy of the Tpkak and b) being at an energy just
before the onset of the Titedge.Image first published if95].

The straighfline relationship on the graph calculating the cr@gstion at each given energy

is only trueprovided thatii kisdbetween 0.2 and 0.8. At lower thicknesses, it is possible that
surface effects become too significant. At much larger thicknesses the deconvolution
procedurewas seerfail as welllt is not clear why this is the case, but it coulddug to too

many plural scattering events.

5.4. Results
5.4.1. TiC, TiN, VC and VN

To obtain crossections for individual elements, the backgrounds must be reménzad the
original spectrum and the edges separated. However, this is challenging as there are
perturbations in the shape of the background, for example from extended energy loss fine
structure (EXELF). The traditional way of extracting backgrounds involves fittia@ an
power-law background shape before an edge and subtracting it from the total spectrum.
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However, due to these perturbations, fitting a power law background before anmetal
edge will give an extrapolated background that is highly sensitive to the size of the
background fitting window used and its energy range, thus leading to inconsistent results.

Other background fitting methods for our binary carbides and nitrides are available, for
example modelling the experimental cressction as the sum of a power lawds@round and
scaled HartreeSlated metal and nometal crosssections. However, these too are sensitive
to fitting windows used and thus can lead to inconsistent results.

For the crossections calculated here, a different approach was adopted. The bebiagbe

in the four standards is very similar. In the two Ti containing standards, the deviation from a
power law background was the smallest. In ofgdN the background reaches the highest

energy loss before encountering a noretal edge. As such, Tibéwas used to extract an
GSELISNAYSyYyidlt oFO13aNRdzyR &aKILIS¢ o6& FAGGAY3T |
wide before the NK edge. Suitably scaled, this experimental background shape was used with

all four standards discussed here.

Figure 5.3 shows thcalculated average crosgctions for the four standards (black) together
with the scaled backgrounds (green). The Had®&ter crossections added to the scaled
background are also shown (orange for the froatal crosssections, red for the metal +om-
metal ones). The nometal crosssections have been scaled by the stoichiometry, for
example 0.83 for 33 The deviation between the experimental cresection (black) and
the theoretical one obtained by summing the two Harti®kter crossectionsto the
background (red) are also shown in blue.
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deviations are similar between the TiC, VC and VN samples. There is no such deviation for TiN
because its background was used for the other three samples. There are some noticeable
deviations at low energies between the experimental background shape and the
experimental crossection. These are likely to be due to the EXELFS from the strong M edges

of the metals at about 480eV energy loss. The deviations differ between the four standards

asthe shapes of the EXELFS are controlled by both the threshold energies of the edges as well

as by the lattice parameter of the material

From this point, it is possible to extract the cragstions for the individual metal and non
metal edges. The nemetal crosssections can be corrected to values corresponding to full
stoichiometry, and the pairs of crosgctions can be compared. This comparison is made in
Figure5.4. For the nommetals, the crossections at higher energy losses are extrapolated
usingthe HartreeSlater crossection. As such, that region is not shown on the diagrams. The
ELNES for the nemetals (carbon and nitrogen) is similar in shape and intensity, which was
expected as the compounds investigated have very similar crystal strgctdmvever, the
lattice parameters of the compounds differ, which is why the energies at which the features
are present in the spectra differ.

Figure 5.4a) shows thekCedge crossection, with the shape of the-K edged obtained from

a thin amorphous carbon film also shown for comparison. The amorphous carbon shape has
not been calculated as a cressction but is simply shown as a backgrountteacted edge

from the single scattering distribution. It has been scaled to the Hai®leter crossection

in the region from 350eV to 500eV.

Figure 5.4b) shows the experimentalkNedge crossection. The thin green line shows the
result of splicinghe experimental NK crosssection from TilNgsto the HartreeSlater cross
section immediately in front of the -Ty,3edge. This creates a sharp step, due to a large dip in
the ELNES at that point.

Figures 5.4c) and d) show the experimental cisssians for the two metal edges. All match
their corresponding theoretical Hartre8later crossections very well at higanergy losses,
well above the nofmetal threshold. However, they are below the Harti®kmter cross
sections in the region just after theon-metal threshold.

Despite the small mismatches at certain energies, our approach of using experimentally
extracted backgrounds to separate the individual cresstions gave excellent resyltaith
quality of the fits is further explored in Figure 5.5igures.5a) looks into more detail at the
residuals of the fit for {3z The vertical scale has been expanded. The thin line shows how
the residuals are negative for 100eV before the-®dhe and after approximately 100eV
higher than its thresholdlhis suggests that there is a small problem in the background fitting
for the V@ gzsample which must be corrected fofhe thick line shows the residuals after a
minor correction to the background fitting.
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Figure 5.5b) shows the ratio between the expegntal and the Hartre&later crossections

for the nonmetal edges, with Figure 5.5¢) showing the same ratio for the metal edges.
Calculating the ratio between the experimental and the theoretical csess$ions is another

way of assessing their agreentenvith the ratio being 1 everywhere if the two match
perfectly. In both Figures 5.5b) and c) the ratios are plotted as a function of the energy above
the edge threshold. For carbon and nitrogen, the plots are terminated at the onset of the
metal edge. Thehin lines are the values of the ratio before corrections are applied to the
VG .3 and TiN.gs crosssections. These corrections will be discussed below, and the results
after the corrections are applied are shown in thick lines.
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Figure5.4: a) The €K edge compared to the shape of the background subtracted intensity from
amorphous carbon, b) the-Kl edge crossection, ¢) the Tl crosssection and d) the-\ cross
section Image first publisheth [95].
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Image first publisheih [95].

At low energies above the edge threshold, the ratios vary a lot around 1. This is due to the
very strong ELNES present on tliges. However, when looking at the overlay between the
different ratios when plotted against energy above threshold, the different lines follow each
other incredibly well. This confirms that the ELNES is very similar between the different edges.

However the plots show some deviations from the ideal background fitting we were hoping
for. In Figures.5b), the line for the uncorrected-K edge data extracted from Y&3(thin grey

line) displays a consisted drop at higher energy losses above the threshold. As was discussed
before, if the theoretical and experimental cressctions matched perfectly we would have
expected the ratio to be a constant value of 1. However,waild still have expected a
constant value ratio if either the stoichiometry or the ideal ratio between the experimental
and HartreeSlater crossections differed from unity.
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In Figure 5.5c¢), looking at the ratio of the experimental and Hat8ke¢er cosssections for
the metals, it can be seen that the thin grey line for the uncorrectddadge in V&3 lies
below the lines for the T in Tigesand VAL in VN.g7z. This suggests background fitting
problems for this standard.

As has been discussetithe beginning of this chapter and throughout this thesis, these eross
sections are needed for accurately quantifying carbonitride precipitates within steel matrices.
This means that errors in background fitting and cresstion extraction will lead toreors in

the final quantification results. One way to assess the implications for quantification is to look
at the nonmetal to metal ratio, X/M. This has been obtained using the traditional
guantification process using a background fitting window beforee@lge and is shown
schematically in Figure 5.5d). The sum of the experimental s@s#on over an energy
window, n, is divided by the sum of the Hartr&dater crossections over the same energy
window. Then, a ratio of a value for a noretal and a mtal is taken. Th&X/M values as a
function ofn can be seen in Figure 5.5d), where the maximum valyefof each compound
being set when the window reaches the metal edge threshold. The bottom set of data has the
integration window starting at the threshd. The top set has the integration window starting
20eV above the threshold.

The bottom set of lines, obtained with no offset, group together well for integration windows
wider than 20eV. They do show good consistency, however the effects of ELNt#HBraible

as expected. The line for the uncorrectedh ¥4, however, a little high. All the lines increase
steadily towards one as the integration window width increases. However, in the case of
V@3 the line is still rising even when the integaat window reaches 220eV, and still does

not reach unity. When the 20eV offset is used before starting the integration, the lines spread
out a lot more and are significantly less close together than without using the offset. The
values of the nommetal to metal ratios are also greater than unity in this case. More of the
ELNES could be excluded by increasing the offset, however that would exclude more of the
high-energy loss signal which is the one that is least susceptible to background errors.
Increasindhe offset would also severely limit the possible window width. This diagram clearly
shows the issues with the background fitting involved in the traditional quantification
method, as it is extremely susceptible to the width and position of the integratimdow.

These large inconsistencies arising from small changes in the size or position of the integration
window would lead to large errors in the final results of the quantification. This clearly shows
the need for accurate experimental cressctions,and the correction for stoichiometry
greatly improves their accuracy. The correction applied to the experimental-ssxt®ns

will be covered in the discussion section of this chapter.

5.4.2. NbN and NbC

The crosssections for NobN and NbC have been wlaied using the same method as
described for Ti and V nitrides and carbides in the previousssagbon. Niobium is
significantly heavier than both titanium and vanadium, and ideally a mean free path would
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have been measured for it using a needle shapadEe from either NbN or NbC. However,
due to the quality of the bulk materials available, a thin enough needle that had a wide
enough thickness range was not possible to makeesame mean free path from the TiC
needlehad to beused to calculate them fothe niobium standards using the lakoubovskii
parametrisation.

Due to the position of the NM4 5 edge, fitting a power law background before the edge is
even more problematic than in the case of the titanium and vanadium eessons. The
niobium edgeis also very close to the carbon and nitrogen edges, making separating them
difficult. Again, the experimental background obtained fromgkiilas been used. Figure 5.6
shows the experimental crossection of NbN with a Tgdsbackground when compareib

the theoretical HartreeSlater crossection for the NEM45 edge that is used in Digital
Micrograph
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Figure 5.6The experimental crossection of the NiM, s edge from NbNompared to the Hartree
Slatertheoretical crossection

The HartreeSlater crossection has a significantly higher intensity than the experimental
ones, and the structure of the edge is far more complicated than the theoretical model would
suggest. Again, this shows the importance of using experimentallyl@@dicrosssections
when trying to accurately quantify the composition of samples. Using the HaBiaer
crosssection in quantification would lead to a composition that would suggest too small a
niobium concentration.

Due to issues in the acquisitipmocess, as described in Chapter 3, the csesdion data was
acquired again after the results in Figure 5.6 were produced. The-seati®n obtained from
NbC in this case is shown in Figure 5.7 and is the one that was used in quantifying the
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precipitates found in the PreTiControl steels discussed in Chaptéhé.feature just after
200eV was originally though to be Zr contamination, however it is present in all Nb samples
we have looked at which is why we believe it is a real feature of the Nb-seosen.
However, at the time of writing this the feature is not understood.
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Figure5.7: The experimental NbC cressction used in quantifying all Nb containing precipitates
during this research

5.5. Discussion

The background subtraction has proved to be problematic in the case of all theszossns

calculated heresoa correction was applied using the constrained background fitting model.

The value of inthed'Q powerf | 6 SEG NI L2t | { $H&iméntaldackgoynd 2 T 2 d:
AaKFLISE ¢Fa FRedzald SR ( @saidTiNpBa@ SThigi rksBltedfiritiied T 2 N.
shapes in the thick lines presented in the figures shown in the results sections. Studying the
figures of the crossections and comparinthe corrected and nostorrected shapes, the

change in V§zsis incredibly small but the change in Tiis much more significant. When

looking at the deviations in the Vgzcrosssection, correcting the exponential factor r from

2.81 up to 3.05 bringthe deviations much closer to zero both before and after thie &lge

threshold. The ratios between the corrected experimental and the Hai8keder cross

sections for Vgsszagree significantly better with the ratios from §ggand VN.97. The nonr

metal to metal ratio X/M, is lowered slightly for the set where no offset was used, leading to

a slightly improved agreement.

For TiN.gg r has been decreased from 2.81 to 2.41. There is a limited energy range available
for the N crosssectin, so an assessment on the improvement there is difficult to make. Due
to this limited energy range available for thekNedge and the difficulty to demonstrate an
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improvement in it, it is also difficult to justify correcting the value.ofhe corrections easier

to justify in the case of W@z, as both edges are corrected at the same time. Nevertheless,

the consistency between the results was improved by applying this correction, even if it is not
SYyGiAaANBte OfSIN gKé (KS PEIAKOISK KSELSBAAYS YD
first place.

A discussion on the many possible systematic errors when calculating experimental mean free
paths and then crossections is needed. The Ti§d, TiG.os VN.o7 and NbNb.gggStandards

were supplied with reasured stoichiometries. However, no errors on the measurements
were provided but in other works they have been measured to be of maximum [030p

For the VC sample no stoichiometry was provided beyond the informafiat it has a high
carbon content. Selected area diffraction suggested the materiaéd@s Which has carbon
concentration values between 0.77 and 0831]. The lowest carbon concentrations only
occur at very low processing temperatures, which was not the case here. The most likely
stoichiometrywas considered to be 0.83, with an uncertainty of £0.02. Similarly, for the NbC
standard we were not provided with an accurate stoichiometry but a measure of the
composition in weight percentages was given. Calculating the stoichiometry from there led
to aresult of NbG os.

There are no significant errors that have been introduced by contamination during sample
preparation using FIB, and care has been taken to minimise surface damage as described in
Chapter 2 of this thesis. Additionally, the sampleseaveleaned in the PIPS and the plasma
cleaner prior to being loaded into the microscope to minimise further contamination, as
explained in the data acquisition section of this chapter.

Not having needle shapes specimens for each of the standards andthisingC mean free

path and corrected lakouvovskii parametrisation, multiplying by BI®6]to calculate mean

free paths for the other samples could prove to be a source of error. However, the consistency
between the Ti and V carbide and nitride standards suggests that, at least in their case, the
error is not significant.

By far the largest aoce of error is due to background fitting and removing the edges. As has
been discussed before, using a power law background was not suitable. Before theetain
edges, there was a large deviation from the standard power law background due to the
EXELH8m the lower energy loss metaldgidges. Additionally, power law background fitting
windows are selected by the user, with both the width and the starting point being open to
interpretations. This could have led to further inconsistencies between diftesamples, or

even data from the same sample that had been processed at different times. For the cross
sections calculated in the research presented here, care has been taken to obtain a suitable
GSELISNAYSyYyidlt o0 Ol 3INER dzy Rssérdédsecvs. The fittinglarr@si SR F N
due to the background shape have been considerably reduced when using the experimental
shape rather than a power law. However, the experimental background shape had to be
slightly modified for some of the standards to impe the fitting even further. It is not clear
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why this was the case, however the corrected shapes have been kept and used in
guantification as the fit was better and the consistency between the different esessons
was improved.

5.6.Summary

The expeimental crosssections were calculated for i, TiNss VGsz and VN.e7

a0 YRIFNR&ST dzaAy3a |y GSELSNAYSyGEt o6F Ol 3INERdzyF
results from thesewere published in 2016 [2]. The experimental backgrounds had to be
corrected for some of the samples to improve the fitting. The results are significantly better

than the theoretically calculated Hartre®later crossections, especially in the case of the

metal L or M edges.

Ideally, the method used to calculate the cresstions for our Ti and V carbides and nitrides
could be extended to a wide range of other materials and EELS edges. This requires in the first
place that a welcharacterised sample from a welhderstood material can be prepared. A
suitable, repeatable dckground removal procedure needs to be found, and the -tuse

edges need to be sufficiently spaced apart to be separated. For lower energy loss EELS edges
this becomes considerably more difficult. The tail of the plasmon peak will lead to significantly
more complex backgrounds, and the area also has a lot of overlapping edges. For example,
trying to get accurate crossections from the Ti or M2,3edges for use in quantification would

be extremely challenging. These lying edges complicate backgrouwndurther out to

higher energy losses as well with their EXELFS, as has been discussed before in this chapter.
¢tKA&d SEGSYR& GKS AGRATFTTFAOdZ (¢ NBIA 2pedgéid | G f ¢
Figures 5.6 and 5.@t 205eV incredibly difficultat obtain an experimental crossection for

and making background subtraction for it much trickier. This meant that obtaining the
experimental crossections for NobN and NbC was significantly harder than for the other four
standards. This was further comgdied by the nodinearity in the spectrometer dispersion

as well as by the stray scattering before the ZLP, which was later corrected for in processing
as described earlier in this thesis.

The experimental crossections have been calculated to be latesed in accurately
guantifying the chemistry of metal carbonitride precipitates within a steel matrix. The results
from this precipitate quantification will be discussed in Chapter 6.
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Chapter 6

Accurate precipitate quantification using DualEELS

The olservation and chemical characterisation of fine scale precipitates has been performed
for several years using electron microscopy, with scanning transmission electron microscopy
(STEM) studies being performed both of carbon replica extractions and foousdzkam

(FIB) prepared crossections with the precipitates still embedded in the matrix. As has been
previously discussed in the context of mapping and obtaining statistics from large numbers of
precipitates, carbon replica extraction has a number ofiessthat could make accurate
guantification impossibl¢132][133]. By using FIB crosections instead of carbon replicas in

our STEM experiments, wieave been able to investigate the structural context of the
precipitation (such as their formation on grain boundaries or dislocations) alongside their
accurate chemical composition. To quantify the chemistry of the precipitates found in the
steel, the mé¢hod initially developed by Bobynko et al. (2015) and described in detail in their
PhD thesig[9] was significantly improved97]. The method involves separating signals
belonging to the matrix from those belonging to the precipitates. Initially this was done by
subtracting the matrix contribution from the decwalved spectrum image to obtain a
spectrum image of the precipitate alone, as discussed in Chapter 3 of this thesis. However,
results were significantly improved when the matrix was not subtracted but was instead
treated as another contribution in a multg linear least squares (MLLS) fit.

The challenge of any quantification technique is to quantify the data with high accuracy and
sensitivity. The traditional quantification method, described by Egerton, involves fitting a
power law background before an gd of interest, extrapolating the background and then
subtracting it[119]. This is the same background fitting method described when discussing
crosssections in the previous chapterhe extacted signal is then integrated over a window
with a typical width of 5a.00eV. The signal is divided by the integral over the same window
of a theoretically calculated crosection [121]. The results can be nornséd to give
absolute numbers of atoms per unit area using the Zess peak (ZLP) intensity, if the ZLP is
available as in the case of all the data discussed in this thesis. If the ZLP intensity is not
available, only relative amounts of each element gmet in the composition can be
determined.

As has been discussed in Chapter 5 of this thesis, when considering the issues with
theoretically calculated crossections, these are in many cases very different from the
experimental crossections, especiallglose to the edge onset. So by using a theoretically
calculated crossection in a quantification procedure, whether calculated using the
hydrogenic model or the HartreSlater model, can lead to large errors in the quantification
results[95]. When it comes t@xtracting each individual edge, if two edges are close to each
other the fine structure of the lower energy loss edge will perturb the background for the
higher energy loss edge, making accurate signal extraction impossible. Even for edges that
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are widelyspaced, the EXE&ffom lower lying edges can perturb the background of higher
energy edges more than 200eV apart in energy loss. This has been discussed at length in the
crosssections chapter as well as in the paper calculating the eessons of Tand V
carbides and nitridef95].

Our approach is to use the standard cresgtions presented in the previous chapter together
with standards extracted for the steel matrix to perform an MLLS fit to the steel spectrum.
The fit provide a series of coefficiennaps for each of the standards used, which can then
be converted into concentration maps for the individual elements present in the precipitate
using simple mathematics implemented in a custbuilt script for Digital Micrograph.

In the first instance wénave applied the method we developed to a series of (Ti, V) (C, N)
precipitates formed inside a high manganese steel matrix (up to 20% Mn by weight). The
results and details of the method have been published in Craven g3]. They will be
discussed in detail in this chapter. Niobigontaining precigates have been analysed as
well, however the larger uncertainties for the cressction for the Nb edges [Section 5.4.2.]
made those results slightly less accurate. The method used for quantification will be described
in more detail than in the data analis chapter (Chapter 3 Section 3.4).

In order to quantify these precipitates, a few things had to be dealt with. First of all, the bulk
and surface contributions arising from the matrix had to be removed. This was done by
treating each one of them as andividual signal to be included in the MLLS fit. Secondly, a
successful background removal technique had to be found. Again, rather than using a power
fl ¢ aKFILST GKS & SELISNRYSY (dssbtandald WasAideR. doyfik - a K I L
the transitionmetal carbonitride shapes, crosgctions from the binary carbides and nitrides

as calculated in Chapter 5 were used (TiN, TiC, VN, VC, NbN and NbC). Then, there were
differences in stoichiometry between the standards and the precipitates, and betwedn eac

of the precipitates themselves. Finally, allowances had to be made for the data and the
acquisition procedures not being perfect and potentially leading to small glitches in the
spectrum or similar.

6.1. The samples

All the samples have been prepared as FIB esestons using the FIB hfut method
discussed in Chapter 2 of this thesis. To minimise the amount of carbon that could have grown
under the electron beam, the samples and the sample rods were cleaneddar minutes

in an argoroxygen plasma cleaner.

6.1.1. Samples with (Ti, V) (C, N) precipitates

The steel containing these precipitates was provided by Thyssen Krupp Steel Europe in
Germany as part of the PrecHiMn project and prepared as a FIBsgodm. It was a high
manganese steel of base composition in weight percentages of 19.7% manganese, 1.50%
aluminium, 0.58% carbon with an addition of 0.19% vanadium. There were traces of niobium,
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titanium and nitrogen from the original feedstock, with the wetigercentages being 0.002%
YA20AdzYZ ndnnc: GAGEHYAdzY FYR nodnnys yAGNRIASY
for 100 seconds, which was expected to give precipitates in the rangé&@fis in diameter.

6.1.2. Samples with Nb containing predigies

For the analysis of Nb containing precipitates, more than one sample was used. The technique
was first tested on another sample provided by Thyssen Krupp as part of the PrecHiMn
project. This sample had the following composition in terms of weight pergesta20.3%
manganese, 1.20% aluminium, 0.63% carbon, 0.001% vanadium, 0.11% niobium, 0.007%
titanium and 0.003% nitrogen, with the rest being iron. This time, the sample was held at
onne/ F2N) GKS alYS GAYS 2F mnn aSO2yRa®

Once the technique was establishesamples from the current project, PreTiControl, were
analysed, where the precipitates were expected to be smaller and thus more challenging to
analyse. These were the same samples discussed in Chapter 4 in the context of large area low
loss mapping todentify precipitates. They have been provided by CRM in Belgium and were
expected to contain precipitates will all three metals in their composifidre steels from the
current project were expected to have much smaller precipitates with a more complex
chemistry than the ones from the PrecHiMn project.

6.2. Data acquisition

Areas containing precipitates suitable for DualEELS mapping have been identified using the
large area lowoss maps discussed previously in Chapter 4. All the spectrum images have
beenrecorded using the JEOL ARM200cF operated at 200keV and equipped with both a cold
field emission gun and a probe corrector. A Gatan Quantum ER spectrometer with fast
DualEELS capability was used to record both thelées and highoss spectra at the same

time. They were recorded using the Digital Micrograph software, with the scans under the
control of the DigiSca hardware. For all the spectrum images recorded during this work, a
convergence serrangle of 29mrad and a collection searigle of 36mrad we used. The

spot size was approximately2, with the probe currents being in the range of 180pA to
400pA. The dispersion used was always 0.5eV per channel.

6.3. Data analysis

The datasets were processed to give single scattering distributions afterieFtng
deconvolution, as described in the data analysis chapter of this thesis.

Ly GKS 2NARAIAYylIf YSIiK2RX GKS YFGONRE O2y {NRAOG
spectrum image to leave the precipitate spectrum image behind. This was done on the
assumption that there is no iron in the precipitate, and that the matrix did not contain any
titanium, vanadium or niobium. However, it was later found that this process did not deal
properly with all the surface layers present, as iron oxide was found osutiace. While the
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iron contribution was removed by the matrix subtraction, contributions from th& @dge
were not removed and had the potential to interfere with the quantification. Thus, a different
approach was required, and it was decided to use tiferent average matrix spectra from
regions of the spectrum image having significantly different values &f K Rhese two matrix
spectra were taken from the thinnest and thickest regions of the imaged area. As they would
represent a linear combirien of the signals from the bulk of the matrix and the surface
layers, they were used in the MLLS fit to help with separating the two.

Another challenge in quantifying EELS data is dealing with the backgrounds underneath the
core-loss edges. The backgmaifrom the matrix has significant deviations from the standard
power law shape traditionally used in such analyses. These deviations are due to EXELFS from
lower lying edges and would lead to considerable errors if the background from the standards
and the steel data were to be removed before attempting quantification. Due to this issue, it
was decided to do the MLLS fit on steel data that had been deconvolved but not background
subtracted. Additionally, the titanium, vanadium and niobium standards didhawt their
backgrounds subtracted either. However, the carbon and nitrogen standard shapes were
needed in the fit as well to account for changes in stoichiometry between the precipitates
and the standards. To obtain those edge shapes, background subtrastinecessary. To
allow for these two standards to be used with the background subtracted, the background
shaped used in the subtraction (that obtained from the glid$tandard) had to be included

in the MLLS fit as well.

In addition to the spectral aoponents mentioned above, three more components were
included in the MLLS fits. The first one was the deconvolved, background subtra€teddge

from a thin film of amorphous carbon. This was needed because, when fitting to some of the
precipitates, the ENES on the-K edge fitted poorly when using only the dg¢and TiGos
experimental crossections. The shape of the residuals in the area indicated the presence of
amorphous carbon on the sample surfaces.

The other two components were included to death minor artefacts found in the spectrum

as a result of the dark current subtraction. One was a constant, set to 1, used to take account
of slight errors in the overall dark current levels subtracted from various datasets. When not
included, the fit wagound to be either slightly higher or slightly lower with respect to the
data than was expected. The other component was included to take into account the
differences in the dark current subtraction between the two halves of the CCD detector when
the highloss spectrum was recorded. This difference resulted in an intensity step in the
middle channel of the original highss spectrum, with the step having a different intensity
from pixel to pixel. The effect was remediated using a step function as a sthetape in

the MLLS fit, that was set to zero up until the channel where the step occurred and unity at
all the channels after.

In summary, the crossection used in the MLLS fit for precipitates were:
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- Shapes extracted from thick and thin regions & thatrix

- Binary experimental crossections from VC, TiC and NbC as they were the largest
contributions to the precipitate diameters. Nitrides were not included as there was
very little evidence of significant nitrogen content in the precipitates.

- The baclroundsubtracted, stoichiometric experimental cressctions for the &
and NK edges. These allow for changes in stoichiometry between the standard
samples and the precipitates.

- The TiN88 experimental background shape used to extract tkea@d NK coss
sections, to provide the missing background shape for these two-seg®ns.

- A CK edge from amorphous carbon to consider its possible presence in some of the
precipitates imaged.

- The constant and step functions to deal with artefacts in the darkent subtraction.

These are all the different shap#sat have been used in the MLLS fit. Mdumctionscould
have been used, however the improvement in the accuracy of the fit or the difference made
to the final quantification result were minimal whehese different fits were tried.

Rounding errors were observed in the fitting results. These were due to the fitting routine in
Digital Micrograph requiring all components to be of roughly the same magnitude. To avoid
the rounding errors, the fitting coponents that provide only shapes rather than absolute
values were scaled so that their magnitudes were similar to those of the shapes providing
absolute values.

6.3.1. Results for (Ti, V) (C, N) precipitates in a higdnganese steel

The MLLS fit as desioed above was applied to four different precipitates from the PrecHiMn
project steels, each in different matrix thicknesses varying kfrom 0.149 to 0.425. The
results of the MLLS fit are fit coefficient maps (one for each of the shapes used i), tivéHi

the ones carrying elemental information being shown in Figure 6.1. Additionally, the fit results
also include a map of the sum of the square deviations for the fit at each pixel and two Sls,
one of the fit to the spectrum at each pixel and onéta corresponding residuals (deviations

of the data from the fit). The fit coefficients represent the contribution of the corresponding
component of the spectrum intensity divided by its differential cresstion.

In Figure 6.1, for all the coefficientaps apart from C from \dgs, dark means a coefficient
close to zero. In the case of the C fromo¥@nap, the coefficient in the area of the
precipitates is negative, with the bright area surrounding them representing a coefficient
close to zero. The pogitates can be clearly seen on the gldéand V@gzcoefficient maps.

The negative coefficient maps for C fromo¥4are negative in the areas of the precipitates
are showing that all the precipitates have less carbon in their composition than s lin
combination of the two binary standards, TiC and VC.
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The maps of N from \4N7show a clear nitrogen contribution in the precipitates but are much
noisier than the other maps. In the case of Precipitate 1 and Precipitate 4, there is a significant
amorphous carbon contribution in the areas of the precipitate. In the case of Precipitates 2
and 3, the aC contribution to the fit coefficient maps does not correlate to the position of
the precipitates.

Precipitate 1 Precipitate 2 Precipitate 3 Precipitate 4
(t/A),,=0.149 (t/A),=0.259 (t/A),=0.315 (t/A),,=0.425

TiC

0.98

a-C

Figure 6.1 Maps for the fit coefficients for W&, TiGes C from Vgzss, N from VNgzand amorphous
carbon for the four precipitates analysed. Figure first publish@ti3i).
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When looking only at the fit coefficient maps, it is difficult to quantitatively understand their
individual contributions to the data. Figure 6.2 compares the contributions summed over 6x6
pixels in the centre of precipitates 1 and 2 from Figure 6.1.cbéributions from the matrix

are significantly larger than all the other contributions, so they have not been included in the
figure to make sure that the small contributions visible.

Precipitate 1 Precipitate 2
a) | b) ]

VC Vco.ss

0.83 T

Intensity (arbitrary units)
Intensity (arbitrary units)

s N from VNom_ 1 _ N from VNO._L
C from VC_, C from VC, ,
e a-C
Background wground
Step function Step function
Constant - Constant

IRei'iguals 'F Rx'Euals i
2%0 350 450 550 650 ! 750 240 350 450 50 650 750

Energy loss (eV) Energy loss (eV)

Figure 6.2:Contributions of the individual components to the oldifor a region in the centre of

precipitates 1 and 2. The matrix contributions are not shown as they are much larger than the other

contributions and would make them less visible. Residuals are also shown. Figure first published in
[134].

The contributions from the precipitate components such as Ti€ @& are significantly
smaller in Precipitate 1 than they are in Precipitate 2. However, the opposite is true for the
contribution of amorphous carbon to the overall data, with its contribution for Precipitate 2
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being at the same level as the residuals véaes it is significantly larger than the residuals for
Precipitate 1.

It is possible to obtain further information on the precipitates as their four components are
characterised by the fit coefficients for the binary carbides and those for the background
subtracted C and N standards ie. b§¥4}; b(TiGog), bC and bN. These fit coefficients are the
contribution of the corresponding component of the spectrum intensity divided by its
differential crosssection. As such, the TiC and VC fit coefficientspapportional to the
number of Ti and V atoms per unit area respectively, with their sum being proportional to the
total number of metal atoms.

Similar to the case for Ti and V, bN is proportional to the number of nitrogen atoms per unit
area. As the amourof carbon in the precipitates is smaller than the combination of carbon
from the two binary standards, the proportionality relationship for carbon is more
complicated. In this case, it is the sum (0.83lp.84€0.98b Tigos+ bC)hat is proportional b

the number of atoms per unit area. The valuex,of andzin TiV(1x0GN; can be found pixel

by pixel, for example the amount of titanium in the precipitate is given by

P — (6.1)

All the precipitates of interest here are carbides and nitrides amedexpected tdnave a cubic

rock salt structure. Once their composition was determined asrisest above, their lattice
parameter can be interpolated from already published data sudhatsof Goldschmid{27].

This means that the number of metal siditice points per unit volume can be found, which

is equal to the number of nemetal sublattice points in this case. Assuming that all the metal
sites are occupied, the thickness of the precipitates can be calculated from bTiC + bVC
together with the values for the ZLP obtained from the Jlmss spectrum image and the
channel width, which in this case is 0.5eV. The partial thicknesses, as explaGteapier 3
Section 3.4) for each of the four elements in the precipitates was calculated as well. The
results of this are shown in Figure 6.3 which plots-phel wide line profiles through the
centre of each of the precipitates.

There are three differenprofiles for each of the contributions in each precipitate. The black
lines represent the profiles when the MLLS fit was done over the region between 150eV and
750eV using extracted spectra from thin and thick regions of the m@xitxacted spectra

from regions where the steel matrix in the thinnest and the thickest, respectittedy)have

been extracted from the deconvolved spectrum imaglee red and blue lines use surface and
bulk shapes instead of thin and thick matrix shapes in the MLLS fitthvaitred line having

the fit starting at 150eV and extending up to 750eV and the blue line having the fit start at
200eV and extending up to 750eV. This was done because the fit in the region right after the
start was poor when it was started at 150eV busasignificantly improved by starting it at
HAnS+® CAIdzNB cdo akKz2ga 0GKIG GKSNB AayQid Ydz
precipitates when comparing the three different fits. This is not the case with thematals,
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with Precipitate 3 hawg different calculated carbon thicknesses in the precipitate area
between the different fits. In the case of the nitrogen thickness, precipitates 2, 3 and 4 are all
affected by the differences in calculated thicknesses when using the different fits.udowe
outside of the precipitate areas, the fit using thin and thick matrix shapes in close to zero
suggesting the most accuracy. Due to the more limited fitting region to obtain a good quality
fit when using bulk (iron and manganese) and surface contohst(such as iron oxide), the

fit using thin and thick matrix shapes is the one that was used in further calculations.

PPT1 PPT2 PPT3 PPT4

oON b~ O

Thickness (nm)

r
2
;

0 5 10 0 5 10 15 200 5 100 5 10 15
Position across map (nm)

Figure 6.3Line profiles for the four elements through the center of the four precipitates, with the
vertical scale for nitrogen bagrexpanded due to the small amount of nitrogen pres€he black
lines are from MLLS fits done with thick and thin matrix shapes. The red and blue lines use spectra
extracted from the surface and bulk rather than the matrix, with the red fit startindp@e¥ and the
blue one at 200e\Figure first published if134].

The shapes for all elements are fairly similar for all precipitates, suggesting that their
composition is homogenous and there is no evidence of segregation between the centre of
the precipitates and an outer shell of different compositidie errors in the quantification

here are fairly small, estimated to be of the order of 3/4 atoms across. These are due to
the errors in calculating the crosections with the experimental background, and potential
instabilities in the results of the MLS fitting of the precipitates.
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When it comes to calculating the projected thickness of the precipitates, one way of doing
that is by adding the partial thicknesses from Ti and V. Another way is to measure the values
of ( k from the deconvolved SI, after the matrix and theCacontributions have been
subtracted, thus leaving behind only the precipitate. By knowing the mean free<piie

same that was used in calculating creestions), the thickness can be calculaf&26].

The calculated thicknesses for the four precipitates are shown in Figure 6.4, wipurple

lines showing the thickness obtained from summing the partial Ti + V metal thicknesses. The
orange line represents the calculated thickness frorrafter only the matrix contribution

was subtracted, with the green line representing the thicknessifii kaker both the matrix

and the aC contributions have been subtracted. The thickness profiles have been taken
through the center of the precipitates.

The thicknesses from summing the Ti and V partial thicknesses are consistently smaller than
both thicknesses obtained frori kfer all four precipitates analysed, with the maximum
difference being of about 1.5nm. This was irrespective of the precipitate thickness but did
drop to zero outside the precipitates into the matrix. We do not have a definissvanas to

what causes this difference between the thicknesses obtained using the two methods. One
possibility could be that that there was a slight error in the removal of the surface oxide
contribution.

When looking at the two thicknesses obtained fraimk Rrecipitate 2 shows no change
between the two sets. This was also the precipitate that had no visilleantribution to the

MLLS fit in the region of the precipitate. Precipitates 1 and 4 show decreases in thickness
which were expected as these twwecipitates show clear-& signals in the areas of the
precipitates. Precipitate 3 shows such a decrease in one half of the precipitate but not in the
other half. This half of the precipitate profile corresponds to the top part of tHe ft
coefficient map, which shows some contribution from amorphous carbon but is not
necessarily directly correlated to the position of Precipitate 3. However, the small differences
in thickness obtained when subtracting the amorphous carbon contribution suggests that
there is only a small amount of@ on the lamella.

= Veminess - FenEsterma o e
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Figure 6.4 Comparison of the thickness profiles for the four precipitates, with the purple line being
0KS GKAOlySaa FTNRY ¢Abx> (KS 2N} y3aS ftAySnia GKS
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and the green line also having theCacontribution subtracted and not just the matrix contribution.
Figure first published in Craven et al. (20[13¥]

6.3.2. Results for (Nb, Ti)C precipitates in TKSE high manganese steel

The Nb quantification and crosgctions were first tested on a high manganese steel provided
by ThyssenKrupp as detailed in Section 6.1.2 of this chapter.

When calculating the crossections for NbC and NbN, there were questions on how to best
fit backgounds before the Nb s edge as well as on how to separate th& ©r NK edges

from the Nb. At that point it was decided to leave the backgrounds in the @®stsons and

not try to subtract them from the precipitate spectrum images either. After thainp the
guantification worked in exactly the same way as for the (Ti,V)(C,N) precipitates. The
guantification results for one of the precipitates can be seen in Figure 6.5

6 b)

—Ti thickness
—Nb thickness
Ti + Nb thickness
—C thickness
—N thickness
—C + N thickness

L8l
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Position (nm) 1 Position (nm)

7 8 91011121314151617 1819

Figure 6.5 a) The elemental profiles of x, y, z and the X/M-matal to metd ratio in TixXNb(X)CyNz
and b) the equivalent thicknesses of Ti, Nb, C, N, Ti+Nb and C+N taken across the centre of the
precipitate

On the equivalent thickness plot, it can be seen that there is very little nitrogen and titanium
in the precipitate, almst down to the level of noise. However, there is a large amount of
carbon and niobium, suggesting that the precipitate is indeed a niobium carbide rather than
a carbonitride. There is a little more carbon than niobium, so the precipitate in close to
stoichometry but not exactly a 1:1 ratio. This is consistent with the ratio of-metal to
metal X/M (blue line in ratio graph) which is very close to 1 and at points slightly above. The
profiles of Ti (green) and N (orange) are below 0.2, with the N ploghainch noisier than Ti
plot. On average, all the ratios including tKéM ratio are fairly flat suggesting there is no
segregation between the different elements in the precipitate.
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6.3.3. Results for (Nb, Ti, V) C precipitates in CRM 6@empered martensite steel

Carbide precipitates containing a mix of Nb, Ti arithve been found in the steel tempered
for 60 minutes as part of the CRM tempered martensite series that was introduced in Chapter
4 when discussing large area mapping usingltss EELS.

The series of precipitates was found to have formed alongside a grain boundary, which can
be seen in Figure 6.6 with the arrows pointing to the direction of the boundary through the
steel. The boundary originally moves downwards through thansed area with the
precipitates being alongside i\t some point during the steel processing, it is possible that
the boundary has moved towards the leftd precipitatescontinuealong the right on what

may have beetthe original direction of the grain boundary when the precipitates formed at
higher temperature This possiblyhappenedin austenite rather than the later martensitic
phase after cooling. The precipitates are relatively large, and their formation attenggjrain
boundary was likely due to faster diffusion of carbon and transition metals in boundaries
when compared to the bulk of the matrix.

Figure 6.6 The survey image showing scanned area in the green box, the precipitates as darker areas
in the matix and the grain boundary direction indicated by the arrows

A qualitative assessment of the composition of the precipitates and the grain boundary was
obtained by fitting a background before each of the edges and integrating a short signal
window over the edge. The maps obtained thereby can be seen in Figure 6.7, with yellow and
white suggesting a larger concentration of the element mapped. There is clear decrease in
the iron concentration in the area of the precipitates, and a large increase in Ti, Z,and

suggesting that the precipitates are metal carbides. The Mn map revealed that the grain
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boundary is manganese rich, with the largest precipitate (shown by the white arrow on the
manganese map) potentially containing some manganese as well. Due toshm®p of the

Nb-M edge at low energy lossess shown in Figure 5.fitting a background before the edge

does not fit well just before the onset of the edge and better fitting techniques are needed.
Some differences between the intensity of the mapToand V in the areas of the precipitates

can be seen, suggesting some possible segregation into a core/ shell structure. This has been
seen in steel precipitates before, with for example Crageal. [135]finding TiN cores at the
centres of (Ti, Nb) (C, N) precipitates, which were probably the nucleation seeds for larger
precipitates[136].

Figure 6.7 Elemental maps of the precipitates and the grain boundary, obtained from fitting a
background before the edges and integrating over a signal window over the &ggecipitate rich
in manganese is showsy thewhite arrow on the manganese map, and one of the precipitates found
alongside the grain boundary is shown by the orange arrothewanadium map.

Better quality DualEELS data was obtained later, and an MLLS fitting approach was used to
obtain a more accurate composition for the precipitates. Additionally, by that point a
correction for the dispersion nglinearity was available ral as such it was applied, as
described at the beginning of Chapter 3.The MLLS fit was done in the region between 150eV
and 750eV, with all the standard shapes included in the fit for the composition of the (Ti, V)
(C, N) precipitate discussed in the paag section (6.3.1.) plus the standard shape for NbC to
account for the presence of Nb in this steel. The results of the MLLS fit are again maps of fit
coefficients, with the ones representing elemental shapes being shown in Figure 6.8. For the
TiC, VC andbC coefficient maps, the bright areas represent a positive fitting coefficient and
the dark areas represent coefficients near zero.
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Figure 6.8 Maps of the MLLS fit coefficients for the standards for the (Ti, V, Nb) C presipitate
shows the coeftients from the component shapes, the background shape as well as the thick and
thin matrix shapes and the constant and step functions.

The map for elemental C extracted from VC shows a positive coefficient in the area of the
grain boundary, suggestingahthe boundary has more carbon in its composition than the
surrounding matrix. The coefficient is slightly negative in the area of the precipitates,
suggesting that the carbon content in the precipitates is again smaller than the linear
combination of thebinary standards. The nitrogen map shows a decrease in the fitting
coefficient in the areas of the boundary and theecipitates;however,the decrease is small
when compared to the coefficient in the matrix areas. This could suggest there is little
nitrogen content in the precipitates, which was expected from the base composition of the
steel and the precipitate spectra. However, both the results of the quantification routine
shown in Figure 6.10 for the manganese rich precipitate (shown by the white amd-igure

6.7) and the extracted spectrum from an area in the centre of the precipitate (shown in Figure
6.9) do not show any signal in the area of thé&dge.
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Figure 6.9 Extracted spectrum from the centre of the manganese rich precipitate ireFgur

showing clear Ti and V edges but no conclusive N gigiaaked with red where the-K edge would
be).
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There is an increase in the amorphous carbon coefficient in a small area eCtingeg, which

could point towards some buHdp of contaminationon the lamella during the data
acquisition. As before, the equivalent thicknesses for each of the elements can be calculated
from the MLLS fitting coefficient maps, with the results for the rightmost precipitate being
shown in Figure 6.10.

Figure 6.10The equivalent thickness of carbon and each of themetals in one of the precipitates
in the CRM steel tempered for 60min

The equivalent thicknesses have been taken from line profiles through the center of the
precipitate. The N equivaletitickness was not included in the plot as there is no evidence of
nitrogen anywhere in the precipitate, and the script results showed a negative nitrogen
thickness. This suggested that theKNedge shape should not have been included in the MLLS
fit, so arother fit was done. The fit coefficient maps for the composition related shapes looked
the same as those shown in Figure 6.10, showing that there was no nitrogen in the
precipitates. The same calculations were performed using the script as before, with the
equivalent thicknesses of the elements in the precipitate being the same as those presented
in Figure 6.10 and thus are not reproduced.

The precipitate is approximate 5nm in length and the thickness calculated from summing the
individual equivalent thickesses of the metals is approximate 8nm, suggesting the
precipitate is roughly elliptical. There seems to be an overall increase in thickness in one half
of the precipitate when compared to the other half. While the niobium thickness appears to
be constanthroughout the center of the precipitate, the titanium and vanadium content do
not appear so and are correlated with the increase in thickness in one half of the precipitate.
When dividing the equivalent thickness of Ti by that of Nb and averaging thk agsoss a
20-pixel line profile, such evidence of segregation between the elements was not visible in
this precipitate.
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