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Abstract

Scanning electron microscope/energy dispersive spectroscopy (SEM/EDS) systems are
popular for X-ray microanalysis due to its simple and fast operation. Recent years, which use cold
field emission sources and silicon drift detectors, are highly capable X-ray imaging and
quantitative microanalysis tools. However, the analytical efficiency and accuracy of SEM/EDS
still have room for improvement. Regarding X-ray elemental mapping in particular, the top
concern is to collect sufficient X-ray counts. Unfortunately, high count rates are usually achieved
with sacrificing acquisition efficiency or spatial resolution. Regarding the quantitative X-ray
microanalysis, the accuracy of EDS is constantly being questioned. Thus, the objective of this

study is to optimize the SEM/EDS, making it a more efficient and accurate analytical instrument.

In this study, X-ray mapping was performed on rare earth minerals (REMs), which contain
various phases and complicated elemental constituents. The data was collected using a cold field
emission SEM (CFE-SEM) equipped with an annular SDD (aSDD). The traditional elemental
maps usually have excessive noise and limited phase information, so phase map analysis was
performed instead. Compared with the conventional SDD, the aSDD has a larger solid angle,
which produces high count rate and allows for efficient analysis at a low beam energy. The
enhanced spatial resolution enables the accurate identification of REM phases down to one micron.
In addition, the multivariate statistical analysis (MSA), i.e. the principal components analysis

(PCA) and the blind source separation (BSS), was performed on the phase maps of REMs. This



analysis reduces the noise and improves the phase identification accuracy, shortening the necessary

acquisition time

The f-ratio method, which is a recently developed quantitative analysis method for binary
systems based on a CFE-SEM/EDS, is used. This method incorporates traditional EDS
experiments and Monte Carlo simulations. Standards with known compositions are needed to
calibrate the differences between experiments and simulations. In this study, the f-ratio method
was applied to multi-element systems, including two Mg-Al-Zn alloys, and three standard minerals
[kyanite (Al2SiOs), albite (NaAISizOs) and orthoclase (KAISizOs)]. The requirement of standard
option was extended to any standard containing one or more target elements. The influences of the
beam current, beam energy, and the standard composition were investigated. It is shown that the
beam current does not have obvious impacts on the quantification results, so the f-ratio method is
suitable for long acquisition, even when suffering from current instabilities. In addition, using

beam-energy-dependent calibration factors, the f-ratio method can achieve a satisfactory accuracy.



Résumé

Les systemes de microscopie électronique a balayage couplé a la spectroscopie a dispersion
d’énergie (MEB/EDS) sont couramment utilisés pour la microanalyse par rayons X en raison de
leur fonctionnement simple et rapide. Les systemes récents, qui utilisent des sources d’émission
de champ a froid et des détecteurs a dérive au silicium (SDD), sont des outils d’imagerie par rayons
X et de microanalyses quantitatives extrémement performantes. Cependant, I’efficacité analytique
et la précision du MEB/EDS peuvent encore étre améliorées. Lors d’une acquisition d’une
cartographie d’éléments par rayons X, la principale préoccupation est de récolter un nombre
suffisant de rayons X. Malheureusement, des comptes élevés sont généralement obtenus en
sacrifiant I’efficacité de I’acquisition ou la résolution spatiale. En ce qui concerne la microanalyse
quantitative par rayons X, la précision de ’EDS est souvent remise en question. Ainsi, I’objectif
de cette étude est d’optimiser le MEB/EDS afin d’en faire un instrument d’analyse plus efficace

et précis.

Au cours de cette étude, des cartes de rayons X ont été réalisées sur des minéraux de terres
rares (REM), qui contiennent divers constituants élémentaires ainsi que des phases complexes. Les
données ont été recueillies a I’aide d’un MEB a emission de champ a froid (CFE-MEB) équipé
d’un SDD annulaire (aSDD). Les cartes élémentaires traditionnelles montrent généralement un
bruit excessif et des informations de phase limitées. Par conséquent, I’analyse d’une carte de phase
a été réalisée a la place d’une carte élémentaire traditionnelle. Comparé au SDD conventionnel,

1’aSDD posséde une zone de couverture angulaire plus large (grand angle solide) ce qui produit
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des taux de comptage élevés. Ceci permet donc une analyse efficace a une énergie de faisceau
réduite. La résolution spatiale améliorée permet I’identification précise des phases REM jusqu’a
un micron. En outre, ’analyse statistique multivariée (MSA), c’est-a-dire I’analyse en
composantes principales (PCA) et la séparation aveugle des sources (BSS), a été réalisée sur les
cartes de phase des REM. Cette analyse réduit le bruit et améliore la précision de I’identification

de la phase, réduisant ainsi le temps d’acquisition nécessaire.

La méthode du f-ratio est une méthode d’analyse quantitative récemment mise au point
pour les systemes CFE-MEB/EDS. Jusqu’a présent, cette méthode n’a été utilisée que pour les
systéemes élémentaires binaires. Le f-ratio intégre les expériences traditionnelles EDS et les
simulations Monte Carlo. Des standards avec des compositions connues sont nécessaires pour
calibrer les différences entre les expériences et les simulations. Dans cette étude, la méthode du f-
ratio a été appliquée a des systemes multiéléments, comprenant deux alliages Mg-Al-Zn et trois
minéraux standard [cyanite (Al2SiOs), albite (NaAISisOs) et orthoclase (KAISisOs)]. Les criteres
de sélection des standards ont été étendus a tous les standards contenant un ou plusieurs éléments
cibles. Les influences du courant de faisceau, de I’énergie du faisceau et de la composition standard
ont été étudiées. Il est démontré que le courant de faisceau n’a pas d’impact évident sur les résultats
de la quantification. La méthode du f-ratio convient donc aux longues acquisitions, méme en cas
d’instabilité du flux d’¢lectrons. De plus, en utilisant des facteurs de calibration dépendant de

I’énergie du faisceau, la méthode du f-ratio peut atteindre une précision satisfaisante.
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Chapter 1

Introduction

A scanning electron microscope (SEM) was initially designed as an imaging tool. Its
application in the field of quantitative X-ray microanalysis did not commence until the
development of a lithium drifted silicon [Si(Li)] detector designed for an energy dispersive
spectroscopy (EDS) (Reed & Ware, 1973). In recent decades, the EDS detector was developed
from the [Si(Li)] to the silicon drift detector (SDD), which greatly enhances the acquisition
efficiency and energy resolution (Fiorini et al., 1997; Newbury & Ritchie, 2013a). Besides, the
electron source in an SEM was developed from a thermionic emitter to a field emitter, which
significantly improves its imaging capacity (Barkshire et al., 2000; Goldstein et al., 1981). These

developments enable the SEM/EDS system to become a powerful tool for X-ray imaging and



quantitative microanalysis. However, its analytical efficiency and accuracy still have room for

improvement, and it is the ultimate objective of this study.

In this work, the X-ray mapping analyses were performed on rare earth minerals (REMS).
The industrial demands for rare earth elements (REEs) keep rising as a result of their increasing
applications in high-technology electronic devices. As sources of these elements, the rare earth
minerals (REMs) and their bearing ores are required to be characterized with more efficient and
accurate techniques to weigh the REEs concentrations. However, an accurate mapping analysis on
these samples is still a big challenge due to the small fraction of REMs in the raw ores and the low
concentration of REEs in the REMs. Furthermore, the serious overlaps of REE L-lines and M-

lines in an EDS spectrum limit the applications of EDS on the element analysis.

Taking the REMs as the research subject, which has various phases and complicated
elemental constituents, the methods to improve the analytical efficiency of X-ray mapping were
investigated. A cold field emission SEM (CFE-SEM) equipped with an annular SDD (aSDD) was
used for the data acquisitions. The high brightness, small beam size, and low energy spread of the
CFE contribute to an improved imaging resolution (Goldstein et al., 1981). Besides, the aSDD has
an enhanced collecting count rate resulting from its special geometry without compromising the
energy resolution and spatial resolution (Demers et al., 2013). In this study, the performances of
the annular and the conventional SDDs were compared, and the optimal experimental conditions

for aSDD were investigated.

The data processing methods for improving analytical efficiency were also studied. The
recent studies show that the multivariate statistical analysis (MSA) performed on the map dataset

can contribute to the noise reduction and phase identification (Kotula et al., 2003; 2006; 2012). In



this study, the principal components analysis (PCA) and the blind source separation (BSS), the
two most popular MSA methods for X-ray microanalysis, were performed on the map datasets
acquired on the REMSs. In addition, the traditional elemental maps usually have issues of excessive

noise and limited phase information, so phase map analysis was performed instead.

An f-ratio is calculated in the phase map analysis. The f-ratio of each element (f;) at every

pixel is calculated using the following equation:

1

fi = Z—LI = (1.1)

where Ifx” Is the net X-ray intensity of element i in a N-element system from one experimentally
acquired spectrum (Horny, 2006). The f-ratios do not represent the real composition, but they are
proportional to the concentrations of the corresponding elements. The phase identification relies
on manually setting the thresholds of each phase with the constituent elemental f-ratios. The
adjustable f-ratio range is important to analyze minerals as their chemical compositions are usually
not constant. Equation (1.1) is also the theoretical basis of the recently developed f-ratio

quantification method.

The quantitative X-ray microanalysis started with the Castaing equation (k-ratio method)
(Castaing, 1951), which was originally designed for an electron probe microanalyzer/wavelength
dispersive spectroscopy (EPMA/WDS) system. The development of the quantitative analysis
based on an SEM/EDS system occurred several decades later, but it was rapidly applied across
commercial and academic fields. The recent studies show that the EDS quantification performed
with the standard-based k-ratio method is capable to reach the comparable accuracy and precision

with the WDS (Ritchie et al., 2012). In order to eliminate the need of real standards and electron



dose measurements to simplify the experimental procedures, the EDS standardless analysis
emerged, but the trade-off is the quantification accuracy (Newbury et al., 1995; Newbury & Ritchie,
2013b). Under these circumstances, the f-ratio method was developed as an alternative (Horny et

al., 2010).

One distinctive feature of the f-ratio method is that it combines the conventional EDS
acquisition and the Monte Carlo simulation. As shown in equation (1.2), the experimental
characteristic X-ray intensities (I7*?) and the theoretically simulated intensities (I{") are connected
with the calibration factors between any two elements (A;_;) in the unknown specimen, which are

calculated with standards having known compositions.

it ith

f-= L =
LT3

(1.2)
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All the existing studies on the f-ratio method are in binary systems and the standards are limited to
compound standards which contain all the target elements (Horny 2006; Horny et al., 2010). As a
new quantification method, the f-ratio method still requires extensive validations to be performed
in more complex systems. Furthermore, the option of standards requires to be extended since a
proper compound standard is more difficult to find when the number of constituent elements
increases. In this study, the f-ratio method was applied to multi-element systems, including two
Mg-Al-Zn alloys and three standard minerals [kyanite (Al2SiOs), albite (NaAlSizOs) and
orthoclase (KAISi30s)]. The option of standards was extended to any standard having one or more

target elements.

This thesis includes 7 chapters. Chapter 2 presents a review of the X-ray mapping and

quantitative microanalysis theories. Chapter 3 compares the X-ray maps of REMs acquired with a
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conventional and the annular SDDs, and investigates the optimal experimental conditions for the
aSDD. Chapter 4 describes the performances of MSA on the REMs phase maps. Chapter 5 and
Chapter 6 present the applications of the f-ratio quantification method in the multi-element systems:
in Chapter 5, the use of pure-element (PE) standards is investigated in Mg-Al-Zn systems; in
Chapter 6, the f-ratio method is applied to three certified minerals with up to 5 constituent elements,
and the option of standards is extended to any standard specimen containing the target element.
This thesis is completed with the conclusions, contributions to original knowledge and suggestions

for future work in Chapter 7.



Chapter 2

Literature Review

In this chapter, a review of the theories of X-ray mapping and quantitative microanalysis
based on a scanning electron microscope/energy dispersive spectroscopy (SEM/EDS) system is
presented. Regarding the X-ray mapping, the key factors and the data processing methods are
described. Regarding the quantitative X-ray microanalysis, the X-ray emission theories and current

quantification methods are reviewed.



2.1 SEM/EDS Image Analysis

SEM is the most popular imaging tool for microstructure characterization, and its imaging
formation relies on collecting signals generated from interactions between an incident electron
beam and a solid specimen. Figure 2.1 illustrates the main signals generated inside a bulk specimen.
The imaging modes based on secondary electrons (SE), backscattered electrons (BSE), and X-ray

photons are most popular in an SEM/EDS system.

Incident beam

Secondary electrons (SE)
Characteristic X-rays

Backscattered electrons (BSE)

Bremsstrahlung X-rays

/

Specimen surface

'\ //
T s Secondary fluorescence

Figure 2.1 Signals generated during the beam-sample interaction.

An SE image mainly illustrates the topographic contrast since the SE yield is strongly
dependent on the surface tilt angle (Kanter, 1961). A BSE image is mostly used to illustrate the
compositional contrast due to the dependency of the backscattering coefficient on the atomic
number (Goldstein et al., 1983; 2017). The BSE emission is also dependent on the surface tilt, but
its larger interaction volume compared to the SE emission results in a worse spatial resolution for

imaging the surface topography (Kohl & Reimer, 2008). Additionally, the X-ray mapping is the
7



most popular and convenient method to directly illustrate elemental distributions (Friel & Lyman,

2006).

2.1.1. X-ray mapping

X-ray mapping is performed by preselecting the energy window in a multichannel analyzer
for certain characteristic X-ray lines to produce distribution maps of the corresponding elements.
Due to the peak broadening effect of EDS, the window width is preferred to be set as 1.2* FWHM
(full-width at half-maximum) of the peak (Fiori et al., 1988). However, an elemental X-ray map
always has a noisy background resulting from the bremsstrahlung X-ray photons. In a routine X-
ray mapping analysis, the short dwell time at each pixel usually leads to a higher elemental
detection limit compared to a point analysis (Friel & Lyman, 2006). Recently, the multivariate
statistical analysis (MSA) started to be applied to EDS map datasets to reduce the noise and

improve the detection limit (Kotula et al., 2003; 2006; 2012).

Based on qualitative X-ray maps, the quantitative maps can be processed by applying the
atomic number/absorption/fluorescence (ZAF) matrix corrections at each pixel to calculate the
corresponding composition. However, the standard-based quantitative mapping on heterogeneous
samples is still a challenge as the correction factors vary with the phase compositions (Newbury
& Ritchie, 2013b). Additionally, a long acquisition time is usually required since a collection of
statistically enough X-ray counts is a prerequisite to accurate spectrum background subtraction

and composition calculation. However, for a cold field emission SEM (CFE-SEM), its unstable



beam current during the long-time acquisition makes the quantitative mapping more problematic

(Teng et al., 2018).

As an alternative to the traditional elemental map, a phase map is more informative, which
can directly illustrate the phase distribution and does not have the issue of excessive noise. More
and more commercial software associated with the EDS acquisition has the function of phase
analysis, e.g., the AZtec Energy from Oxford Instrument, which can automatically find the phases
with similar composition (Teng et al., 2015). Additionally, the open source Python script,
pyPhaseMap (available on GitHub as pyphasemap repository) can also convert the elemental maps
into a phase map by manually defining each phase (Teng et al., 2018; Teng & Gauvin, 2019a). A
concentration-concentration histogram is helpful to determine the associations between any two

elements, and further assists to identifying phases (Bright & Newbury, 1991).

2.1.2. Key factors for X-ray mapping

An accurate element identification is the primary task in an X-ray mapping analysis. To
achieve this goal, it is important to collect sufficient characteristic X-ray counts to overwhelm the
spectrum background. Also, a good energy resolution is required to avoid severe peak overlaps.
Regarding the elemental distribution in X-ray maps, the spatial resolution determines how much
detail can be observed. Hence, the X-ray count rate, the energy resolution, and the spatial

resolution are considered as the three key factors for X-ray mapping.



2.1.2.1. Count rate

In the past, the use of lithium drifted silicon [Si(Li)] detector limited the EDS collecting
count rate, producing poor mapping statistics for minor and trace elements. The development of
the silicon drift detector (SDD) (Striider et al., 1998) enhanced the X-ray throughput by a factor of
25 to 70, which greatly improved the mapping capability (Newbury & Ritchie, 2013a). The SDD
enables ten million counts accumulated in 100 s while keeping the dead time around 10%
(Newbury & Ritchie, 2013a). Additionally, the window optimization, such as the ultra-thin
window or the windowless detector, can also improve the collecting efficiency by reducing the

absorption from the detector window, especially for the light elements (Burgess et al, 2016).

For a certain type of EDS detector, the count rate is decided by the real detector size and

the specimen-detector distance, which is described using the solid angle Q (Zaluzec, 2014):

> (2.1)

where A (mm2) refers to the collecting area of the detector; and dg,, (m) refers to the specimen-
detector distance from the detector face to the beam impact point. Enlarging sensor size is a
common choice to improve the sensitivity of the detector to the X-ray photons, but the energy
resolution will be compromised since the electronic noise is generated while the X-rays travelling
inside the sensor (Bell & Erdman, 2012). The alternative is to shorten the distance between the
detector and the sample, and the recently designed annular SDD (aSDD) has the minimum dgp,,
which results in an improved collecting efficiency without sacrificing the energy resolution

(Kotula et al., 2008; Demers et al., 2013; Teng et al., 2018).
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However, the count rate [usually in the unit of kilocounts per second (kcps)] for generating
X-ray maps does not keep increasing with the input count rate collected by the detector due to the
existence of the dead time, which means the period when the detector is busy with processing the
previous X-ray photons and cannot deal with the coming ones (Goldstein et al., 1981). The relation
between the output count rate used for generating maps (R,,;) and the input count rate collected

into the pulse processor (R;;,) can be described as (Knoll, 2010):
Roue = Rine_RinT (2.2)

where 7 () describes the dead time, which is also considered as the real processing time for each
photon. However, for most commercial software, the dead time fraction (Tpr) is used to describe

the relation between R,,,; and R;,:
Tpr = Rin—Rout (2.3)

As shown in equation (2.2), R, increases with the decrease of . Whereas, the decrease of 7 will

deteriorate the energy resolution, which has direct influences on the element identification.
2.1.2.2. Energy resolution

The energy resolution of an EDS spectrum is usually described using the FWHM of Mn
Ko peak and Ti La peak for the high and low energy ranges, respectively (Statham, 1998).
Theoretically, FWHM depends on X-ray counts energy and electronic noise, which can be

described as (Goldstein et al., 1981):

FWHM « (C?E + N?)/? (2.4)
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where C is the uncertainty in the formation of charge carriers; E is the X-ray energy; and N is the
FWHM of electronic noise generated during the amplification process, which is decided by the
real processing time t. The elongated processing time per count can significantly decreases the
electronic noise and improves the energy resolution, but it may also cause a high dead time, which

is the main reason for pulse pile-up distortions (Wielopolski & Gardner, 1976).

An SDD (Mn Ko ~ 125 eV FWHM) realizes an improvement compared to a [Si(Li)]
detector (Mn Ko ~ 132 eV FWHM) (Fiorini et al., 1997), but the energy resolution of the EDS is
still inferior to that of the wavelength dispersive spectroscopy (WDS), which has the peak width
between 2 eV to 20 eV depending on the photon energy (Wollman et al., 1997). However, a recent
study shows that the microcalorimeter EDS can achieve the energy resolution of 2 - 5 eV over the
energy range between 200 eV to 10 keV by measuring the temperature rise in a metal absorber
(Newbury, 2006). In addition, the spectral fitting and relative simulations can further process the
peak deconvolution and improve the accuracy of X-ray intensity extraction (Duncumb et al., 2001;

Ritchie et al., 2012).

2.1.2.3. Spatial resolution

An accelerating voltage over 10 keV is usually applied for routine X-ray microanalyses,
aiming to excite statistically enough counts (Barkshire et al., 2000). Compared to the conventional
tungsten or LaB6 thermionic emitters, the field emitter has much higher brightness, which enables
the SEM to be operated at a lower accelerating voltage still with sufficient beam current (Barkshire
et al., 2000). The low beam energy benefits a reduced volume of X-ray generation beneath a

sample surface, which deadens to an improved spatial resolution of X-ray microanalysis.
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The Monte Carlo simulation is popular for studying the X-ray depth and the lateral
distribution beneath the specimen surface (Murata et al., 1971; Reed, 1997), which are usually
described with the ¢(pz) curves (Packwood & Brown, 1981; Pouchou & Pichoir, 1984). More
detailed descriptions of the Monte Carlo simulation performed on SEM imaging and X-ray
microanalysis can be found in previous works of Murata et al.(1971) and Gauvin (2005). Figure
2.2 illustrates the simulation results of the interactions between the electron beam and a Mg-Al-
Zn alloy (its chemical formula was assumed as MgAlZn) at 30 kV and 5 kV computed by the
CASINO2 program (Drouin et al., 2007). The electron trajectories inside the specimen (black
trajectories) and the ¢ (pz) curves of Al-Ka along the mass-depth (blue for the generated X-ray
photons and red for the emitted photons) at each beam energy are displayed. The characteristic X-
ray generation range is always smaller than the electron range, as only the electrons with energies
exceeding the critical ionization energy of a specific electronic shell or subshell can produce the

characteristic X-ray photons (Goldstein, et al., 1981).

Emitted X-rays
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Figure 2.2 Electron trajectories and ¢(pz) curves of the generated and emitted Al-Ka X-ray
photons within a Mg-Al-Zn alloy at 30 kV and 5 kV. For the ¢ (pz) curves, the horizontal axis is

X-ray intensity and the vertical axis is the mass-depth, which is defined as pz.
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The first method for calculating the X-ray generation range X, was developed by Anderson

and Hasler (1966):

0.064
Xg = — (Eq®® — E¢®®) (2.5)
Spec

where pg,.. is the specimen density (g/cmas); E, is the incident electron energy (keV); and E¢ is
the critical ionization energy of the electronic subshell of the characteristic lines (keV). However,
as shown in Figure 2.2, the X-ray emission depth is significantly reduced by the absorption effect,
so the calculation for the real X-ray emission range X with the consideration of absorption effect

was modified as (Gauvin, 2007):

XG

Xp = In () Asing (1 "y (2.6)

where [n (ﬁ) is the prefactor for Asiny; ¥ is the take-off angle of the X-ray detector; and A is

the mean free path for the absorption of the characteristic X-ray photons:

1

A= 2.7)

i
Pspec Z?=1 Ci;| .
i

where C; is the weight fraction of element i; and %| is the mass-absorption of the characteristic X-
i

ray line of element i.
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2.1.3. Multivariate statistical analysis (MSA) for X-ray mapping

One premise for an accurate X-ray mapping analysis is collecting sufficient characteristic
X-ray counts to overwhelm the bremsstrahlung counts. To achieve that, the simplest way is to
extend the acquisition time, but the analytical efficiency will be sacrificed. An alternative method
is to apply the MSA on the map dataset to extract useful information (Kotula et al., 2003). The
MSA algorithms treat the map dataset as a set of spectrum images (Sls), and compare the spectra
at each pixel, looking for similarities and differences without any prior assumptions. Figure 2.3
schematically illustrates the Sl data cubes in a 2D compositional map [Figure 2.3(a)] (Kotula et

al., 2003) and a 3D map with tomographic information [Figure 2.3(b)] (Kotula et al., 2006).
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Figure 2.3 Schematic of the 2D (a) and the 3D (b) spectral image data cube.

During the MSA computation, the original spectrum at each pixel or voxel is considered
as a linear combination of a set of MSA-determined component and their respective amplitudes,

which can be described as (Kotula et al., 2003):

Si = C(i,l)Sl + C(i,Z)SZ + C(i‘3)S3 + -+ C(i,n)Sn + El (2.8)
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where s; represents the ith raw spectrum in the original dataset; n describes the number of non-
noise components; C(; ) represents the amplitude or weighting of the component spectrum S,,; and
E; is the residual. Thus, the original Sls dataset can be described as a matrix D, which is composed

of two matrixes:

D=cC-ST (2.9)

where C represents the matrix of components; S represents the matrix of components spectral
shapes; T denotes the matrix transpose (Kotula et al., 2003; 2006). In this manner, the original
dataset is decomposed into a limited number of components, and the variation of each component
can be used to differentiate the phases and noise (Parish & Brewer, 2010; Titchmarsh, 1998).
Taking advantage of this feature, the MSA can be used to exploit the redundancy of original dataset

and determine the chemical constituents before the quantitative analysis (Kotula et al., 2012).

2.1.3.1. Principal component analysis (PCA)

Among the various MSA methods, the principal component analysis (PCA) is the most
popular one, which performs the orthogonal factorization on the original dataset, and creates a set
of orthogonal principal variables (Wold et al., 1987). There are several algorithms available to
perform PCA, such as the singular value decomposition (SVD) (Malinowski, 2002) and the
maximum likelihood PCA (MLPCA) (Wentzell et al., 1997). The common applications of the PCA
on X-ray microanalysis are dimensionality reduction and noise subtraction, via ordering the
decomposed components as decreasing variations without physical considerations, maintaining
the leading components with higher variances which are assumed to contain all the useful

information, and discarding the rest as noise (Trebbia & Bonnet, 1990).
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Additionally, the PCA algorithms can be applied to EDS spectra to remove the
bremsstrahlung X-ray counts and extract the characteristic X-ray intensities through noise filtering
and peak fitting, which can shorten the required acquisition time and improve the reliability of
background subtraction (Saghi et al., 2016; Titchmarsh, 1999). Thus, a more accurate quantitation
can be achieved with the improved net X-ray intensity extraction. Furthermore, the PCA can be
directly applied to EDS maps to differentiate particles according to the chemical compositions and
the morphologies (Genga et al., 2012). However, the orthogonal constraint followed by the PCA

algorithms may result in difficulties in physically interpreting the decomposed components.

2.1.3.2. Blind source separation (BSS)

The blind source separation (BSS), by contrast, is an alternative to unmix the original
dataset into a limited number of statistically independent components, aiming to capture the
essential data structure (Cardoso, 1998). It assumes that the observation is a mixture
[x,(t), ..., x,, (t)], which is composed of a limited number of independent signals [s, (t), ..., s, (t)],

and their relations can be described with matrix as:

x(t) = As(t) (2.10)

where s(t) represents the source signals; x(t) represents the observed signals; and A is the
mixture coefficient. Thus, the goal of the BSS analysis is to recover the source signals using the

observed mixture, and the estimation of the sources can be described as:

y(t) = Bx(t) (2.11)

with a separating matrix B.
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The independent component analysis (ICA) (Hyvarinen & Oja, 2000) and the non-negative
matrix factorization (NMF) (Lee & Seung, 1999) are the two most popular methods to perform the
BSS analysis. When the BSS is applied on the X-ray signals, each generated component is
considered as a typical event occurring between the electron beam and the sample (de la Pena et
al., 2011). Regarding the BSS applications on EDS analysis, the ICA has been used to directly
separate the phases with different compositions instead of the traditional elemental identification
method (Rossouw et al., 2015a; 2015b; 2016). However, negative values are inevitably generated
as both combinations and subtractions are allowed during the ICA calculations, which may result
in the physically uninterpretable components (Wu et al., 2010; Zhang, 2017). In this case, the NMF
algorithm, which only allows additive combinations and prevents subtractions to force all
components to be strictly non-negative, has more realistic applications in X-ray microanalysis
(Jany et al., 2017; Wu et al., 2010). However, it is not proper for quantitative analyses as the non-

negative constraint may introduce bias into the component separation (Kotula et al., 2012).

2.2. Quantitative X-ray Microanalysis

Quantitative X-ray microanalysis is developed based on the principle that the generated
characteristic X-ray intensity of an element is dependent on its concentration. The SEM/EDS
system, which has the advantages of quick analysis and easy operability, becomes one of the most

popular quantification techniques. In this section, the generation and emission of characteristic X-
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ray photons are thoroughly studied, and the current quantitative X-ray microanalysis methods are

reviewed.

2.2.1. Characteristic X-ray generation and emission

From generation to emission, and to final detection, the X-ray photons go through a
complicated process, which involves multiply physical interactions with the bulk specimen and
the detector window layers. In this section, the fundamental parameters for X-ray generation,
emission, and detection are introduced, and their experimental and theoretical determination

methods are reviewed.

2.2.1.1 Fundamental X-ray generation parameters

X-ray photons are generated in the interactions between an electron beam and a solid
specimen. A characteristic X-ray has an energy specific to the element, and the dependence of the
characteristic X-ray intensity on its elemental concentration is the theoretical basis for the
quantitative X-ray microanalysis. The study of X-ray generation started from thin foils, where the
electrons can pass through the specimen without significant deflection and energy loss. In such an
ideal case, the number of X-ray photons generated per incident electron in a thin film with

thickness of t for the element i can be calculated as (Horny, 2006):

_ NaG;
[ Ai

Qiw;a;(1+ Tey;)pt (2.12)
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where N, is the Avogadro number; C; the weight fraction of element i; A; the atomic weight ; Q;
the ionization cross-section; wi the fluorescence yield; «; the line fraction; T¢y ;the Coster-Kronig

transition coefficient; and p is the material weight density.

Equation (2.12) incorporates the fundamental parameters for X-ray generation, which can
be determined with empirical, or semi-empirical, or totally theoretical formulations. However, the
theoretical determinations usually show wide discrepancy with the experimental measurements.
Among all these theoretical parameters shown in equation (2.12), the most important one is the
ionization cross section (Q), which describes the probability of inner shell ionization, and was
originally established by Bethe (Powell, 1976; Goldstein et al.,1981):

0 =651 x 10-20’25—55111 (=) (2.13)

Ec

where E is the incident electron energy (keV); E, is the critical ionization energy for a given
electron bound (keV); ng is the number of electrons in the shell or subshell (e.g., ng = 2), bs and
c; are the constants for a given shell. Powell (1976) validated the above equation with
experimental data for K-lines in the overvoltage (U = E/E.) range of 4 to 25. Another formula
which incorporates the relativistic effects was developed by Zaluzec (1984):

Q =651 x 10720222 [1n (=) — In(1 — f2) — 2] (2.14)

r=c EC

mov?

where g is the ratio of the speed of the electron to that of light; E, = 5

, Where m,, is the

election mass at rest. In this equation, the upper limit of the incident beam energy was defined at
30 keV. However, in the above two models, there are still parameters requiring to be

experimentally determined, so any inaccurate measurements may introduce uncertainties into the
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whole calculation. Thus, Casnati (1982) developed a semiempirical model for K-lines within the

overvoltage range from 1 to 20 for the elements with atomic number ranging from 6 to 79:

InU

Q= naRGE Yo (2.15)
P = (”()‘10+ ok (2.16)
6 = bye ik (2.17)

where a, = 5.29 X 10~11m, which is the Bohr radius; R is relativistic factor of Gryzinski (1965);
I is the minimum energy required for the transition of a K electron to the continuum; I, =
13.606 eV, which is called the Rydberg energy; and d,, d,, d, by, by, b, are the constants for K-
lines. The Casnati model was the most used one for computing the ionization cross section until
Bote and Salvat (2008) developed a new model with their own Monte Carlo program, Penelope
(Salvat et al., 2006). They succeeded in computing the ionization cross section for all elements

(atomic number between 1 to 99) and most subshells (Bote & Salvat, 2008; Bote et al., 2009).

The fluorescence yield wi determines the probability of generating a characteristic X-ray
photon or an Auger electron. A large number of researchers made efforts to theoretically calculate
this parameter with semi-empirical formulae (Krause, 1979) or Dirac-Hartree-Slater model (Chen
et al., 1981; Puri et al., 1993). Most recently, Joy (2001) and Campbell (2003) compared the
theoretical calculations with the experimental data, and Campbell (2003) summarised the database
which is widely used at present. However, most of the existing studies focus on the calculations
for K and L subshells, so more studies on M subshells are still needed. In addition, the fluorescence

yield is intimately related to the Coster-Kronig transition (1+T¢x;), which accounts for the
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nondirect ionization for vacancies produced by nonradiative transitions between subshells in L and
M shells. Thus, in the above cited studies, such as Chen et al. (1981) and Campbell (2003), the

computations of the Coster-Kronig transition are also presented.

The line fraction «a; represents the probability of exciting a specific line when the
corresponding subshell is ionized. Schreiber et al. (1982) and Scofield (1974) established the lists
of theoretical line fractions for K-lines and L-lines, respectively, and their accuracy was evaluated
by Pia et al. (2009). Regarding M-lines, Chen et al. (1984) calculated the values for the elements

ranging from Cd (atomic number 48) to U (atomic number 92).
2.2.1.2 X-ray emission in a bulk solid

The @ (pz) curve was proposed to calculate the X-ray emission in a bulk solid by Castaing
(1951). He sliced the bulk into multiple thin layers with thickness of Az along the mass depth, and
summarized the X-ray emission from each layer with the consideration of absorption and
fluorescence effects. The ¢ (pz) theory is schematically illustrated in Figure 2.4, and equation

(2.12) is modified to calculate the emitted X-ray intensity in a bulk as:

le = T80 0w,0,(1+ Ty (1 + 6) I, @i(pz)e P2 d(pz) (2.18)

e A

The term % is to calculate the number of electrons with the electron beam current Iy, the

acquisition time t, and the electron charge e. The term (1 + §;) describes the fluorescence effects,
including the contributions from the characteristic X-ray photons with higher energy, the

bremsstrahlung X-rays, the stray electrons, the backscattered electrons, and the Auger electrons.

The term f0°° @;(pz)e XiP“d(pz) describes the emitted X-ray intensity with the absorption effect,
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where ¢;(pz) describes the generated X-ray intensity with mass depth and y; refers to the
absorption parameter, which is defined as:

i
xi=cscp Tt (2.19)
J

i
where ) is the take-off angle of the detector; %| is the mass-absorption of the characteristic line
J

of element i into the absorbing element j. To calculate y;, the summation is taken for all constituent

elements in the specimen (Gauvin, 2012).
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Figure 2.4 Schematic diagram of the X-ray generation and emission per A(pz) layer.

2.2.1.3 X-ray detection

Furthermore, the effects of detector efficiency and solid angle should be considered in the

calculation of the detected X-ray intensity, which can be described with the universal equation:

L= (2) el (2.20)

4T
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where (2 refers to the solid angle; and ¢; refers to the detector efficiency to the element i. In order
to determine the detector efficiency, the thickness of each layer in the window should be known,
and the absorption factor of each layer should be calculated. Alvisi et al. (2006) introduced a new
method to measure the detector efficiency for most SEM/EDS systems. In this method, the
efficiency of a reference spectrometer is determined firstly, and an efficiency transfer procedure is
performed to get the efficiency of an unknown spectrometer. In addition, Goldstein et al. (2017)
summarized the detector efficiency as a function of X-ray photon energy for different window
types. Regarding the solid angle, equation (2.1) gives a simplified estimation, but a more precise

calculation should be performed as:

0= 2n(l- (2.21)

L)
pTra

where D is the distance from the incident point on the specimen surface to the detector crystal

surface; and d is the detector crystal diameter (Zaluzec, 2014).

2.2.2. Current quantification methods

The most used quantification method for either an SEM/EDS system or an electron probe
microanalyzer/WDS (EPMA/WDS) system is the Castaing equation (Castaing, 1951). For a thin
foil in a transmission electron microscopy (TEM), a Cliff-Lorimer equation is usually applied,
which neglects the absorption and fluorescence effects (Cliff & Lorimer, 1975). With the
increasing applications of scanning transmission electron microscopy (STEM), the (-factor
method becomes more widely used as it enables the measurements of chemical composition and

specimen thickness at the same time (Watanabe et al., 1996). In this section, the current
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guantitative X-ray microanalysis methods are reviewed, and a new quantification method, the f-
ratio method (Horny, 2006), which was developed based on the Cliff-Lorimer equation but

designed for an SEM/EDS system, is also introduced.

2.2.2.1 Castaing equation

Castaing (1951) was the first one who built the relation between the specimen chemical
composition and its emitted X-ray intensities. Since most of the X-ray generation parameters were
not accurately known at that time, a standard specimen was analyzed to calculate the ratio of the
characteristic X-ray intensities of the same element in the unknown specimen to that in the standard
to eliminate the need of computing absolute X-ray intensities. The Castaing equation is also well

known as the k-ratio method, which is calculated as:

Gl g, (2.22)

where C; and C; are the concentrations of the element i in the specimen and the standard; /; and

I are the intensities of the same peak of the same element in the specimen and the standard.

In the equation (2.22), a few assumptions are made: the absorption and fluorescence effects
are assumed to be very small, and the standard and the unknown specimen are assumed to have
similar chemical constituents. However, this is far from the real analytical cases, so a matrix
correction should be applied. Through combining equation (2.22) with equation (2.18) which
describes the emitted characteristic X-ray intensity, the complete Castaing equation for a real bulk

can be described as:
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(2.23)

with the cancellation of the ionization cross-section Q;, the fluorescence yield wi, the line fraction
a;, and the Coster-Kronig transition coefficient T¢x ;, all of which are only dependent on the
specific element. Additionally, this method requires the unknown specimen and the standard to be

analyzed at the same beam condition, so the beam current i, is also cancelled out.

The matrix correction shown in equation (2.23) is also well known as the ZAF correction,
which is widely implemented in any EDS or WDS analytical software, and it has a universal

description as:
Ci Ii

The matrix effects are divided into three: the atomic number Z;, the absorption A4;, and the
fluorescence F; effects. The atomic number and the absorption corrections are usually calculated
as a whole with the ¢;(pz) models (Bastin et al., 1998; Merlet, 1994; Pouchou & Pichoir, 1984):

[ZA]; = f0°° vi(pz)e XiPZd(pz)
i f0°°<p?(pz)e—)(?pzd(pz)

(2.25)

They also can be calculated separately. Duncumb and Reed (1968) proposed the calculation of

the atomic number effect Z; as:

Ep Qi
RY fEC(’is—édE

ot 4
o %ae (2.26)
lec,iS_i

Zi=
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where RYand R; are the backscattering correction factors for element i in the standard and the
specimen respectively; SPand S; are the stopping power for element i in the standard and the
specimen. The individual absorption effect A4; can be calculated with the absorption terms £°(x;)

and f(x;) in the standard and the specimen (Goldstein & Williams, 1977):

_ 20w
A = D) (2.27)
© -XiPz
f(XL) — fo pi(pz)e d(pz) (228)

I @i(pz)d(pz)
The fluorescence effect is usually calculated with the Reed’s method (Reed, 1965):

s
1+270°
F, = L (2.29)

I..
(1+2,-,Lj)

f
I:.
where % is the ratio of emitted X-rays intensity of element i by fluorescence effect from element

2

j to the its actually produced primary X-ray intensity.
2.2.2.2 Quantification method for a thin film

The Cliff-Lorimer method was firstly proposed for a TEM with the assumption that the
specimen is thin enough for neglecting the absorption and fluorescence effects (CIiff & Lorimer,
1975). In this method, the ratio of characteristic X-ray intensities of two elemental in one
spectrum is calculated and converted into the ratio of their concentrations with a Cliff-Lorimer

factor, K,_p:
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c I
= = KA—Bﬁ (2.30)

Through combining equation (2.30) with equation (2.12) which describes the X-ray generation
in a thin film and equation (2.20) which calculates the detector effects, the Cliff-Lorimer factor

is deduced as:

_ QpwpapepAy
Kap = QawaaxpEsAB (2.31)

with the cancellation of the same items for the two elements since they are from one spectrum.
Additionally, the Coster-Kroning transition usually does not need to be considered, as K-lines

can be used in most cases due to the high beam energy in a TEM.

As shown in equation (2.31), the Cliff-Lorimer factor is compositionally independent and
can be determined theoretically or experimentally. Even though the locally experimental
determination has a better accuracy (Sheridan, 1989; Wood et al., 1984; Watanabe & Williams,
2006), a database of therotically determined Cliff-Lorimer factors is applied in most commercial
software packages (Parisini et al., 2018), as the standard thin films with known compositions are

not always available.

With the increasing applications of an STEM, the demand for an accurate quantitative
analysis on a thin film keeps rising. However, in most real cases, the specimen is not thin enough
for neglecting the absorption and fluorescence effects, so a more accurate Cliff-Lorimer equation

should be descried as:

c I
C_A = KA—BAA—BFA—BI_A (2.32)
B B
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with the considerations of absorption A,_g and fluorescence F,_g corrections. However, the
calculations of A,_g and F,_g require the knowledge of the specimen thickness, which is
difficult to be accurately measured and may introduce uncertainties into the final quantification

results (Anderson et al., 1995; Goldstein & Williams, 1977; Parisini et al., 2018).

Under this circumstance, Watanabe et al (1996) developed the C-factor method which is
able to determine the specimen composition and thickness at the same time. In the C-factor
method, the characteristic X-ray intensity 1, is connected to the specimen mass-thickness pt and

its elemental concentration C, with a proportional factor {,:

pt=az - (2:33)

where D, is the total electron dose during the acquisition (Watanabe & Williams, 2006).

Combining equation (2.33) with equations (2.12) and (2.20), {4 can be theoretically described as:

Ap

Ca = (2.34)

Q
NaQawaaa(;)ea

As shown in equation (2.34), the C-factor is independent of the electron dose, the specimen
composition and thickness, but this method requires the electron dose during the acquisition to be

accurately measured, causing this method not suitable for the system with unstable beam current.
2.2.2.3 The f-ratio method

By contrast, the f-ratio method is a quantification method specifically designed for the
system with unstable beam current, e.g. a CEF-EM (Horny, 2006). The significant small source

size (< 5 nm) and low energy spread (~ 0.3 eV) contribute the cold field emitter as one of the
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most popular source types for an EM, but its fluctuant current limits its use in the quantitative X-
ray microanalysis, either using the Castaing method for a bulk specimen or using the C-factor
method for a thin film (Goldstein et al., 1981). Thus, the emerge of the f-ratio method overcomes

this limitation.

Inspired by the Cliff-Lormier equation, the f-ratio method also uses the ratio of X-ray
intensities from the same spectrum to eliminate the beam current effects, but the difference is that
the f-ratio method sums the X-ray intensities of all the constituents in the denominator. One
distinctive feature of the f-ratio method is that it combines the conventional EDS acquisition and
the Monte Carlo simulation. Equation (2.35) shows the definition of the f-ratio with the
experimental X-ray intensities (I;*F) and the theoretically simulated intensities (1) in a multi-
element system (Teng & Gauvin, 2019b):

ot ith

j— l j—
i — exp —
Ji TP I e It

(2.35)

where A;_; represents the calibration factor between any two elements, which is calculated with
a standard having the known composition. The calibration factor is used to calibrate the
differences between the experiments and simulations, as there are still uncertainties remaining in

the theoretical calculations of the detected X-ray intensity.

This method was firstly applied to a set of binary Cu-Au alloys using a 60 wt.% Cu - 40
wt.% Au alloy as the standard (Horny et al., 2010). The use of a compound standard containing all
the target elements enables the whole quantification process to be independent of the beam current,
but such a proper standard becomes more difficult to find when the number of constituent elements
increases. Thus, the use of pure-element (PE) standards was investigated in the ternary Mg-Al-Zn
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systems, and a good consistency was obtained between the PE-standard-based quantification
results and the compound-standard-based results (Teng et al., 2019). And then, the option of
standards was extended to any standard specimen containing the target elements, and the certified
minerals with up to 5 constituent elements were quantified with a satisfactory accuracy (Teng &
Gauvin, 2019b). So far, the limited applications of the f-ratio method all give an accuracy better

than 5 % with the beam-energy-dependent calibration factors.

2.2.3. Monte Carlo simulations for X-ray microanalysis

There are various Monte Carlo simulation programs developed for X-ray microanalysis.
Specifically, for the EDS, the most popular programs are CASINO (Hovington et al., 1997),
CASINO2 (Drouin et al., 2007), Win X-ray (Gauvin et al., 2006), MC X-ray (Gauvin & Michaud,

2009), Penelope (Salvat et al., 2006), and DTSA-II (Ritchie, 2011b; 2012).

CASINO was developed to quickly calculate and display electron-solid interactions for a
variety of beam conditions and sample geometries. The first version of CASINO (Hovington et
al., 1997) was designed for expert users and has some limitations on data handling capabilities,
so Drouin et al. (2007) developed a much simpler version, CASINO2. Furthermore, one feature
of CASINO?2 is to model the beam interactions in bulk samples and thin foils at a low beam
energy. Win X-ray (Gauvin et al., 2006) is an extension to CASINO, which can be used to
compute the trajectories of BSE and trapped electrons, and to calculate the X-ray ¢(pz) curves
and complete spectra. Also, Win X-ray can be used to simulate the charging effect for an

insulating specimen. MC X-ray (Gauvin & Michaud, 2009) is an extension to CASINO and Win
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X-ray, which was designed to simulate the electron scattering in solids with various geometries,
including spheres, cylinders and combinations of horizontal and vertical planes. Penelope (Salvat
et al., 2006) can also be used to perform the simulations of samples with an arbitrary geometry
and complex structure. In addition, DTSA-II (Ritchie, 2011b; 2012) is a comprehensive software
for quantifying and simulating X-ray spectra, and it is programmable on all computer platforms

supporting Java.

2.2.4. EDS versus WDS

Quantitative X-ray microanalysis was initially developed based on an EPMA/WDS
system, which was specifically designed for a compositional analysis (Castaing, 1951). Decades
later, the development of a lithium drifted silicon [Si(Li)] detector enabled the SEM/EDS system
to be used for a quantitative analysis, since then the SEM was not limited as an imaging tool
(Reed & Ware, 1973). Nowadays, EDS and WDS are the most popular techniques for quantitative

X-ray microanalysis.

A significant advance of the EDS over the WDS is that all the X-ray photons within the
energy range from the offset to the beam energy can be collected in one measurement. The
optimized design for the EDS detector window extended the detectable characteristic X-ray
photon to Be Ka, which has the energy as low as 108 eV (Statham, 1984). The most recent study
found that a windowless EDS detector could acquire a clear Li Ka peak (55 eV), which was
considered as the detection challenge of an X-ray spectroscopy for a long time (Burgess et al.,

2013; Hovington et al., 2016).

32



There is always one statement: EDS is inferior to WDS regarding the quantitative
analytical accuracy, and one of the reasons is the poorer EDS energy resolution (Fiori et al. 1976;
Newbury, 2005b; 2006; Newbury & Ritchie, 2015). The peak overlaps in the spectrum and the
automatic peak identification during the acquisition limit the credibility of EDS quantification
(Newbury, 2005a; 2007; 2009). However, the recent study of using the multiple linear least
squares (MLLS) spectral filtering method to extract the characteristic X-ray from an SDD-
collected spectrum shows that the intensity extraction accuracy of the EDS can be comparable

with that of the WDS (Ritchie et al., 2012).

The condition of the specimen surface is also a critical impact factor for the quantification
accuracy (Yakowitz, 1968). Since the SEM is most used as an imaging tool, the SEM specimen
usually does not have a perfect flat surface. For the specimen with a complex topography, the
uncontrolled geometric factors have strong impacts on X-ray emissions (as illustrated in Figure
2.5), which will further influence the quantification accuracy. The geometry of the specimen
surface may cause an extra or a reduced absorption path, and those cannot be accurately recovered

in the ZAF matrix correction (Newbury & Ritchie, 2013b).

Incident beam Incident beam Incident beam Incident beam

EDS detector EDS detector EDS detector EDS detector

S S S 3
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Extra absorption path

Figure 2.5 Schematic illustration of the topography effects on the X-ray absorption path length

inside a specimen.
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Another factor for deteriorating the EDS quantification accuracy is the extensive
applications of the standardless analysis. The development of the stanardless analysis aimed to
eliminate the needs of real standards and electron dose measurements. However, the
quantification procedures are simplified, but the quantification accuracy is compromised
(Cubukcu et al., 2008; Horny et al., 2010; Newbury et al., 1995). There are two distinct classes
of standardless analysis: (1) the “first principles”, which uses theoretical calculations with
physical models; and (2) the “remote standards”, which uses a library of experimental data, and
now is implemented in most EDS commercial software packages (Goldstein et al., 1981). The
studies of Newbury and Ritchie (2013b; 2015) show that approximately 95 % of the WDS
quantification results fall within the span of £ 5 % relative error, whereas those of the “first
principles" and the “remote standards” standardless quantifications are in the ranges of + 50 %

and £ 25~30 %, respectively.

However, a large number of studies show that the EDS standard-based analysis using the
k-ratio method is able to achieve a satisfactory accuracy for both major and minor elements
(Lifshin et al., 1975; Reed & Ware, 1973; Newbury & Ritchie, 2013b; 2015). Via the means of
MLLS fitting and the “NIST ZAF” matrix correction (Myklebust et al., 1979) performed with the
DTSA software, the accuracy and precision of the EDS quantification can be equivalent to those

of the WDS (Newbury & Ritchie, 2013b; Ritchie et al., 2012).
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Chapter 3

Use of an Annular Silicon Drift Detector (SDD) Versus a
Conventional SDD Makes Phase Mapping a Practical

Solution for Rare Earth Mineral Characterization

This chapter focuses on the X-ray mapping performed on rare earth minerals using an
annular silicon drift detector (aSDD) attached to a cold field emission SEM/EDS system. The
performances of the conventional and the annular SDDs are compared, and the optimal conditions
for the aSDD are investigated. In order to avoid the issues of excessive noise and limited phase
information occurred in the traditional elemental X-ray maps, the phase map analyses were

performed.

e This chapter has been published as: Teng, C.*, Demers, H., Brodusch, N., Waters, K. &
Gauvin, R. (2018). Use of an Annular Silicon Drift Detector (SDD) Versus a Conventional
SDD Makes Phase Mapping a Practical Solution for Rare Earth Mineral Characterization.
Microscopy and Microanalysis 24(3), 238-248. do0i:10.1017/S1431927618000417.
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3.1 Abstract

A number of techniques for the characterization of rare earth minerals (REM) have been
developed and are widely applied in the mining industry. However, most of them are limited to a
global analysis due to their low spatial resolution. In this work, phase map analyses were
performed on REM with an annular silicon drift detector (aSDD) attached to a field emission
scanning electron microscope. The optimal conditions for the aSDD were explored, and the high-
resolution phase maps generated at a low accelerating voltage identify phases at the micron scale.
In comparison between an annular and a conventional SDD, the aSDD performed at optimized
conditions, making the phase map a practical solution for choosing an appropriate grinding size,
judging the efficiency of different separation processes, and optimizing a REM beneficiation

flowsheet.
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3.2 Introduction

Rare earth elements (REE), which include yttrium, scandium, and the 15 lanthanide
elements, have been found in more than 250 different minerals (Jordens et al., 2013). The industrial
demands for these elements keep rising due to their large-scale applications in renewable energy
devices and high-technology electronic applications. Even though there is a proven global reserve
of approximate one hundred million tons of rare earth oxide, only a few reserves have sufficient
concentrations to constitute economic deposits (Gschneidner, 2011). The Nechalacho deposit,
which is located at Thor Lake in Northwest Territories, Canada, has become one of the most
important resources for rare earth minerals (REM) (Sheard et al., 2012). However, the complex
mineralogy of this deposit makes the REM beneficiation flowsheet difficult to develop (Sheard et

al., 2012).

In order to extract REM from the deposits, the ores first should be crushed into particles,
and the grinding size is a key factor for liberation degree of the target mineral and the recovery
efficiency of the following beneficiation processes. The beneficiation of REM, which includes the
various separation stages and froth flotation, aims to concentrate REM from the commercially
worthless minerals (Jordens et al., 2016). However, the collectors for the REM employed in the
froth flotation are also selective for the iron oxide minerals, which should be removed in the
separation stages before the froth flotation. The efficiency of each separation stage is significant
for designing the whole beneficiation flowsheet, and a practical technique for analyzing the

product from each stage is needed to provide timely information about the collection efficiency.

A number of techniques for qualitatively describing the mineralogy and quantitatively

measuring minerals’ chemical composition have been developed, and scanning electron
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microscopy coupled with X-ray energy dispersive spectrometry (SEM/EDS) has been widely
applied in the mining industry. With an SEM/EDS system and suitable software for acquiring and
analyzing data, the fully automated Quantitative Evaluation of Minerals by SCANning electron
microscopy (QEMSCAN) has become the most commonly used technique for mineral
characterization. A full QEMSCAN system usually contains four (but up to six is possible) X-ray
detectors to ensure a high collecting count rate, but its analytical spatial resolution is limited by
the large probe size (Pirrie et al., 2009). Furthermore, short pulse processing time for the X-ray
counts are usually applied to optimize collection efficiency, but this will result in deterioration of

the energy resolution, which in turn results in difficulties in recognition on REMs.

The question then becomes, how to achieve a high analytical efficiency but still keep the
spatial resolution and energy resolution at a high level? A cold field emission SEM equipped with
an annular silicon drift detector (aSDD) can achieve a high count rate due to its special geometry.
Contrasting with the conventional SDD (cSDD) located on the side of the chamber, the aSDD is
inserted below the objective lens (Figure 3.1). This shortens the specimen-detector distance (dgp)
and provides a large solid angle. The solid angle is used to describe the size of the detector, which

determines the count collection rate, defined by the following equation:

=2 (3.1)

where Q is to the solid angle in steradian (sr); A the collecting area of the detector (mmz2); dgp, the
specimen-detector distance from the detector face to the beam impact point (mm) (Goldstein et al.,
1981; Zaluzec, 2014). Either increasing the detector collection area or decreasing the specimen-
detector distance can enlarge the solid angle, thus increasing the count rate. Figure 3.1 illustrates

that the two detectors can work at the same working distance, but the dgj, of the cSDD is much
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larger than the aSDD. Figure 3.2 shows the variations of the solid angle with the specimen-detector
distance of the conventional and the annular SDDs (Demers et al., 2013). For the cSDD used in
this work (detector area of 60 mmz), the minimum dg,, limited by the chamber geometry is 26.2
mm, giving a solid angle of 0.086 sr. However, for the aSDD, the minimized d, results in a solid
angle as high as 1.35 sr at the specimen-detector distance of 1.5 mm. The large solid angle is
extremely useful for the low X-ray emission specimen, enhancing the count rate and shortening
the acquisition time (Kotula et al., 2008). Thus, the aSDD could improve the analytical efficiency

without compromising the spatial resolution and the energy resolution.

Working Distance
(WD)

Takeoff angle

Figure 3.1 Geometrical arrangement of a conventional and an annular silicon drift detectors
(SDDs).

In this work, the REM from Nechalocho deposit were characterized with the conventional
and annular SDDs. Instead of the traditional elemental maps, which always have the issues of
excessive noise and limited phase information, the phase map analyses were performed with the f-
ratio method, illustrating the phase distribution directly (Horny, 2006). The optimal conditions for

map acquisition on REM with the annular detector were also discussed.
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Figure 3.2 Variations of the solid angle with the specimen-detector distance for the conventional
silicon drift detector (SDD) (a) and the annular SDD (b).

3.3 Materials and Experimental Methods

3.3.1 Sample preparation

The ore from the Nechalacho deposit was ground into powders and then subjected to
gravity and magnetic separation processes (the flowsheet is shown in Figure 3.3) (Jordens et al.,
2016). REM can be concentrated by gravity separation due to their higher densities relative to the
associated gangue. In this work, a lab-scale Knelson centrifugal gravity concentrator (model KC-
MD3; FLSmidth, Orillia, Ontario, Canada) was used for the gravity separation stage. The
concentrate from the Knelson concentrator was subsequently fed to a lab-scale model WD (20)
wet drum permanent magnetic separator (Carpco Inc., USA). There were two steps in the magnetic
separation: the first step was to remove strongly ferromagnetic Fe-oxide minerals with a low-

intensity magnet, labeled as Fe Magnet; the second step was to remove the remaining Fe-oxide

40



minerals and to concentrate strongly paramagnetic REM with a medium intensity magnet, labeled

as RE Magnet (Ferron et al., 1991; Zhang & Edwards, 2013).
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Figure 3.3 Flowsheet of main gravity and magnetic separation steps applied to the Nechalacho
ores. Pso of 40 um means that passing size of 80 wt % the feed is 40 um.

One sample was taken from each magnetic separation product, labeled in Figure 3.3 as
Mag, for the product selected by the first magnetic separation stage from Knelson concentrate;

RE-Mag, for the product selected by the second magnetic separation stage; and Non-Mag, for the



remaining non-magnetic fraction. The three samples were then prepared for the SEM/EDS
characterization. Initially, each sample was sprinkled at the bottom of a cylindrical holder,
dispersed in white LR White Resin (London Resin Company Ltd, Reading, UK) and then mixed
thoroughly. The holders containing the dispersed powders were cured in a vacuum oven for 48 h
at a constant temperature of 60°C. After curing was complete, the samples were polished with
silicon carbide papers from 100 to 1,200 grit, then polished using diamond suspensions with 1 um
grain size, and further polished using alumina suspension with a 50-nm grain size. As the samples
are poor conductors, a thin (nominally 10-20 nm-thick) coating of an amorphous carbon layer was
applied using an Edwards vacuum carbon coater E306 (Edwards, Crawley, UK) in order to avoid

surface charging.

3.3.2 Phase map

Characterizations were performed with a Hitachi SU8230 cold field emission SEM
(Hitachi High-Technologies, Rexdale, ON, Canada) equipped with a conventional XFlashe 6|60
Bruker SDD with a 60 mmz2 collection area and a Bruker Flat Quad XFlaxhe 5060F annular SDD
(Bruker Nano, Berlin, Germany) with a 60-mmz2 collection area. The annular detector has special
polymer windows which can absorb the backscattered electrons and only allow the X-rays to pass
through. The probe current was measured with a Faraday cup mounted on the column with a
NanoPico picoammeter from Hitachi (Hitachi High-Technologies). The EDS X-ray microanalysis

was processed with the Bruker ESPRIT software (version 1.9) (Bruker Nano).
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To obtain the phase map, the conventional EDS qualitative maps were quantified by Bruker
ESPRIT software to acquire the net intensity maps, and then the f-ratio of each element at every

pixel was calculated using the following equation:

I

fi= s (3:2)

where [; is the net X-ray intensity of element i in a N-element system from one spectrum (Horny,
2006). Using equation (3.2), the qualitative map of each element was converted to its f-ratio map,
and a histogram of the f-ratio values was generated in the meantime. Then the mineral phases were
manually defined by the ranges of the f-ratio values of the constituent elements in the histograms,
and an open source Python script, pyPhaseMap (available on GitHub as pyphasemap repository),
was run to convert the elemental f-ratio maps into a phase map. The f-ratios do not represent the
real composition, but they are proportional to the concentrations of the corresponding elements.
The adjustable f-ratio range is important to analyze minerals as their chemical compositions are
usually not constant. The area fraction of each phase was calculated to evaluate the phase maps

acquired at different conditions.

3.3.3 Analysis of count rate and energy resolution

In order to understand the impact factors on the count rate and energy resolution, the probe
current and the processing time were varied during the analyses performed with the aSDD. During
the acquisition, the dead time fraction (T),), the input count rate collected into the pulse processor
(R;,), and the output count rate used for generating maps (R,,;) were recorded. The T given by

the software is calculated by the following equation:
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TDT — Rin—Rout (33)

Tpr and R;;,, were adjusted by changing the probe current (1), and this adjustment further changed
R,,:- The Bruker ESPRIT software uses the maximum pulse throughput count rate to represent
the processing time, and three processing times, 60, 130, and 275 kcps were used. The smaller
value means longer processing time for each pulse. The real system processing time (z factor) was

calculated by the following equation:
Roue = Rine_Rin‘r (3.4)

As the software cannot provide an accurate input count rate at a high beam current, the real R;,
needed to be calibrated using the following equation:

Ry, = Ip X lim 2z (3.5)

Ip—0 Ip

The calculation results are, 60 keps, 1.18 us; 130 kcps, 0.62 us; 275 keps, 0.29 ps, and
more details are given in the Discussion section. The 7 factor represents the period of time when
one pulse is analyzed, and other pulses are not collected (Knoll, 2010). The longer real processing
time for each pulse, the less noise and better energy resolution can be achieved in an EDS analysis.
The Non-Mag sample was used for the map acquisition with the processing time of 60 and 258
kcps and the dead time fractions of 10 and 60% at 20 kV for 30 min. In addition, a standard sample
(EDS-TM002), which consists of a thick layer containing C, Al, Mn, Cu, Zr, and trace amounts of
Ar deposited on a silicon substrate, was also used for the systematic analyses of count rate and
energy resolution (Hodoroaba et al., 2013). The analyses on the standard sample were performed

at 10 kV, and the range of probe current was adjusted from 5 pA to 13.63 nA. The dead time
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fraction of 60 kcps was adjusted in the range of 1-93%, and those of 130 and 258 kcps were

adjusted in the range of 0-95%.

In this work, the full width at half maximum intensity (FWHM) was used to represent the
energy resolution. The FWHM of La La, Ce La, Pr La, and Nd La lines were calculated in the
study on REM because they are the most obvious peaks for each element in the chosen regions of
interest (ROI). For the EDS-TMO002 standard sample, the FWHM of the X-ray lines listed in Table
3.1 were calculated. These peaks were fitted using a Gaussian function, and the ROI background
was fitted with a linear function by an open source Python script, X-ray Spectrum Analyzer
(available on GitHub as xray_spectrum_analyzer). How well the peaks fit was verified visually

using the residual plot and the position, width, and intensity of each peak were obtained.

Table 3.1 The analyzed X-ray lines and their respective energies of EDS-TMO002 standard sample.

: Cu Zr Zr Zr Ar Mn Mn Cu
X-ray line CKa Lo Al Ka Lal L1 Lp2 K Ko Kp b
E?ee\r/‘-;’y 281.77 930 1486.9 2042 2124 2201 2957 5898 6489.1 8046

3.4 Results and Discussion

3.4.1 Comparison of the phase maps acquired by the conventional and the annular SDDs

The Non-Mag sample, which is expected to have the highest fraction of REM, was used
for the phase map analysis with the conventional and the annular SDDs. The secondary electron

(SE) image in Figure 3.4 shows the area chosen for the map acquisition, and the phase maps of the
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major phases acquired at the three current conditions listed in Table 3.2 for 5, 30, and 60 min at
20 kV are also displayed. When the aSDD is in the chamber, the backscatter electron (BSE)
detector cannot be inserted due to the geometry of the annular detector. However, there is strong
compositional contrast observed in the SE image, as part of the SE signal is, in fact, BSEs and they

thus carry the compositional information.

Table 3.2 The current conditions applied for the map acquisitions in Figure 3.4.

Probe Output Total counts
Condition Detector current  count rate
(pA) (kcps) 5 min 30 min 60 min
A Annular SDD 280 67.6 20,688,661 116,028.510 201.809.640
B Con‘é‘g‘g‘)”a' 280 2.0 579210 3138044 5,742,796
C Con‘é‘g‘g‘)”a' 1700 105 2753500 14,181,073 30.463.996

First, the maps were acquired with the aSDD at its optimal current condition (Condition
A), which is commonly used to acquire X-ray maps. Then the same probe current was used with
the cSDD (Condition B). After that, the cSDD was used at its optimal current condition (Condition
C) by increasing the probe current while holding the other parameters constant. This enabled the
performances of the two detectors at the same current conditions and their own optimal conditions
were compared. As shown in Table 3.2, the count rate for generating X-ray maps with the aSDD
can reach as high as 67.6 kcps with the probe current of 280 pA, whereas that of the cSDD is only

2.0 keps. The high count rate contributes to the clear phase map acquired with the aSDD in 30 min.
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Figure 3.4 Phase maps of the Non-Mag sample acquired at the three conditions listed in Table 3.2

for 5, 30, and 60 min at an accelerating voltage of 20 kV. The working distances for the two

detectors were both 15 mm.
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Figure 3.5 shows the pixel fraction of each phase in the maps displayed in Figure 3.4. Since
the powders were mounted in an epoxy resin, which is not shown in the maps, so the total fraction
of all the phase does not equal one. In terms of phase identification, the number of counts
determines whether the elemental peak can be detected, and only the statistically significant peaks
can be considered for identification. The raised collecting count rate and extended acquisition time
both can increase the number of counts. Thus, the significantly higher number of collected counts
ensure that more pixels are identified at condition A than B or C. However, the maps acquired with
the aSDD for 30 and 60 min are almost the same, indicating that one hundred million counts

collected within 30 min are already sufficient to identify all the major phases.

60 min ] -
30 min | [ I ||
5 min | [ ] [ a
60min | [N ||
30 min | ] |
5 min 1 I | b
60 min | [ I
30 min | — | [ |
5 min | | [ | c
0 0.1 0.2 0.3 04 0.5 0.6 0.7

Fe-oxide ™ Quartz ® Other Zircon ™ Bastnasite Parisite  ® Fergusonite
Figure 3.5 The area fraction of each phase shown in Figure 3.4.

Three REM were found in this area: bastnasite [(Ce,La Y)F(CO)s], parisite
[Ca(Ce,La)2(CO3)sF2], and fergusonite (REENbO4), which are regarded as the main rare earth
carriers in the Nechalacho deposit (Sheard et al., 2012). Bastnasite and parisite are both rare earth

carbonates, but parisite contains approximately 7% calcium, and calcium is the only element that
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can be used to differentiate them, with the aSDD being better at identifying each phase. The
improved signal-to-noise ratio of the spectrum, which results from the high count rate can decrease
the detection limit. The difficulty of the analyses on REE is mainly due to the low X-ray intensities,
and the common solution is to lengthen the acquisition time. However, the high count rate of the

aSDD can solve this problem without sacrificing the analytical efficiency.

The phase map can also be used to optimize a REM separation flowsheet. Figure 3.6 shows
the phase maps of the Mag, the RE-Mag, and the Non-Mag samples acquired with the annular and
the conventional SDDs at their optimal conditions. All the maps were acquired at 20 kV for 60
min. Figure 3.7 displays the area fraction of each phase in all the identified phases, statistically
illustrating the changes of the phases through the separation stages. The proportion of REM and
zircon phases increases and the proportion of Fe-oxide phases greatly decreases after the two
magnetic separation stages. However, there are still Fe-bearing minerals remaining in the Non-

Mag sample, so more magnetic separation processes are required to further remove them.

The aSDD is proven to be an efficient instrument for map acquisition, and the maps of the
products from different separation stages can assist in the design and optimization of a REM
separation flowsheet. In this section, the analyses were performed at low magnification in order to
observe the major phases. However, a phase identification at the micron scale requires detailed
analysis with a high spatial resolution. The high count rate of the aSDD allows the use of lower

accelerating voltage, which can result in an improved spatial resolution.
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Figure 3.6 Phase maps of the Mag, the RE-Mag and the Non-Mag samples acquired with the
annular and conventional silicon drift detectors (SDD) at their optimal conditions with an

accelerating voltage of 20 kV and an acquisition time of 60 min.
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Figure 3.7 The area fraction of each phase in relation to all of the identified phases shown in
Figure 3.6. SDD, silicon drift detector.

3.4.2 The application of the annular SDD at a low accelerating voltage

A beam energy of 20 kV is commonly used in order to get a required overvoltage for the
analyzed peaks and collect sufficient X-ray counts. In order to make the most of the high count
rate of the annular detector, the phases analyses were performed at lower beam energy, aiming to
achieve a high spatial resolution. Figure 3.8 displays the maps of fergusonite, zircon, and the
overlaps of the two phases at the accelerating voltages of 20, 10, and 5 kV, which visually illustrate
the impacts of the beam energy on the spatial resolution of the X-ray microanalysis. Even though
the beam broadening effect, which is driven by the accelerating voltage, will have an impact on
the analytical resolution, its contribution can be ignored in a field emission SEM which normally
has a source size smaller than 5 nm. Table 3.3 lists the acquisition conditions for the maps

displayed in Figure 3.8.
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Figure 3.8 Phase maps of the fergusonite and the zircon phases acquired with the secondary

electron (SE) image was acquired at 20 kV.

Table 3.3 Acquisition conditions for the maps displayed in Figure 3.8.

Beam energy (kV) Beam current (nA) Acquisition time (min)
20 0.42 20
10 1.87 20
5 0.98 30
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Fergusonite often occurs in this case with zircon, which is also considered to be a major
rare earth carrier in this deposit (Sheard et al., 2012). With the decrease of the accelerating voltage,
the improved spatial resolution makes the edges of each phase much clearer. At 20 kV, a
completely bright phase is observed, meaning that this phase was identified as both fergusonite
and zircon. However, at 10 and 5 kV, overlapped phases are observed, indicating that the two
phases were completely differentiated. The high spatial resolution analysis shows that there are no

REE existing in the zircon phase.

In order to maximize the characteristic X-ray counts, the accelerating voltage (E,) should
exceed the critical ionization energies (E) of the analyzed X-ray lines by overvoltage (U = E,/E;)
of 2 to 3 (Goldstein et al., 1981). In the fergusonite and zircon phases, Y and Zr are the main
elements, and the E. of their La lines are 2.080 and 2.222 keV, so 5 kV is still appropriate to
analyze them. However, the E. of other REE L-lines are in the range of 5.4-9.3 keV (E. of La La
is 5.483 keV and E. of Lu La is 9.244 keV). Thus, the accelerating voltage should be selected

based on the X-ray lines to be analyzed.

Although the REE M-lines have lower excitation energies, the serious overlaps limit their
use. In addition to the overlaps between different REE, the interferences with other light elements
also generate problems in identification. For example, the energy of Dy Ma line is 1.293 keV, and
that of Mg Ka line is 1.254 keV, but both of the two elements were found in this ore, and the two
lines cannot be separated in an EDS spectrum. Besides the issue of serious overlaps, the EDS
analysis on low energy X-ray lines (below 1 keV) is still problematic. The strong absorption from

the specimen and the low primary fluorescence yield make the detection limit for REE M-lines
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much lower than their L-lines. Thus, L-lines are always preferred for the analyses on REM, even

they require relatively high beam energy.

The overvoltage of 2 to 3 is a compromise between the peak/background ratio and the
spatial resolution. Table 3.4 lists the generation, and emission ranges of the analyzed X-ray lines
in fergusonite and zircon phases at the accelerating voltages of 5, 10, and 20 kV. The X-ray
generation range (X;) was calculated by Anderson & Hasler (1966), and the real X-ray emission
range (Xy) was modified by the Gauvin model (2007) to allow for the absorption effect. The
calculation results in Table 3.4 indicate that the distinguishable features in fergusonite and zircon
phases are below 0.2 um at 5 kV, around 0.5 pum at 10 kV, and beyond 1 um at 20 kV, which are
consistent with the observations in Figure 3.8. As shown in Figure 3.8, the features with a size of

around 0.5 pm can be observed at 10kV, but smaller features can only be observed at 5 kV.

Table 3.4 The generation ranges and emission ranges of the analyzed X-ray lines in fergusonite

and zircon phases at the accelerating voltages of 5, 10 and 20 kV.

Xg (Um) Xg (Um)

E,=5 E,;=10 E,=20 E,=5 E;=10 E,=20
keV keV keV keV keV keV
Y Lo 0.135 0.552 1.889 0.129 0.462 1.070
Fergusonite  Nb Lo 0.122 0.539 1.876 0.118 0.472 1.209
@) Ka 0.185 0.602 1.939 0.160 0.388 0.601
Zr Lo 0.140 0.593 2.045 0.135 0.511 1.265
Zircon Si Ka 0.167 0.620 2.073 0.164 0.583 1.684
0] Ka 0.201 0.654 2.106 0.174 0.423 0.659

Element and

Phase X-ray line

Another important use of the phase map is to observe single particles, with the aim of
analyzing the liberation degree of the target minerals. Before any separation can be undertaken,
the ore must be crushed and ground into the size required to liberate the valuable minerals at the

coarsest particle size (Wills & Finch, 2015). It is critical to choose an appropriate grinding size,

54



which can establish an effective and efficient beneficiation process to avoid energy waste in over

crushing or grinding and make the subsequent separation stages easier and cheaper to operate.

Figure 3.9 shows the phase maps of the liberated, the mid-liberated, and the unliberated
target REM particles, aiding the choice of an appropriate grinding size. The maps were acquired
at 10 kV for 1 h, and all phases are labeled. An accelerating voltage of 10 kV was chosen as a
compromise between the required spatial resolution and the preference of using REE L-lines.
Figures 3.9(a) and 3.9(b) display the partially liberated particles with the size of +60 um. Figure
3.9(c) shows a wholly liberated rare earth particle with the size of around 40 um, but K-Feldspar
and Fe-oxide are observed inside, the non-REM impurities will decrease the grade of the final

concentrate, having an impact on the economics of the process.

Liberated

<
NI

Middling liberated

Fe-oxide Fe-oxide Fe-oxide

- Quartz ; SRS ’ . Quartz
. K-Feldspar 4 ; Plagioclase
o . Zircon

N K-Feldspar
Plagioclase

Zircon
NN Biotite NN Biotite
Columbite(Fe)
Ankerite
Fluorite

Figure 3.9 Phase maps of the liberated, the mid-liberated, and the unliberated rare earth minerals
acquired with the annular silicon drift detector at an accelerating voltage of 10 kV for 1 h. (a)
Locked rare earth minerals (REM) particle; (b) middling liberated REM particle; and (c) liberated
REM particle.
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Except for the liberation degree, the particle size also has an effect on recovery efficiency.
It has been reported that the standard ideal particle size range for the subsequent flotation is of the
order of 10 - 100 um (Rahman et al., 2012). Fine particles can produce a high liberation degree,
but exhibit a low efficiency of collision with the bubbles, which decreases the flotation efficiency.
All these factors should be considered when choosing the grinding size. The high-resolution phase
map can provide timely information on the mineral liberation, helping to identify an appropriate

grinding size.

3.4.3 Count rate and energy resolution with the annular SDD

The aSDD has the advantage of a high collecting count rate, this allows the acquisition of
high-quality maps at a low accelerating voltage within a short acquisition time. In order to make
full use of this, the best acquisition condition of aSDD is explored in this section. In addition to
the count rate, which determines whether the collected counts are sufficient for an accurate
quantification within a limited time, the energy resolution, which directly affects the peak overlaps
in a spectrum, is another important factor for elemental analysis and phase identification. This is
especially important for REE as, due to the serious overlaps of their L-lines and M-lines, a high
energy resolution is required to distinguish them, and a large number of counts is required by an
accurate deconvolution on the overlapped peaks. Thus, in this work, the probe current and the
processing time were adjusted to explore the impacts of count rate and energy resolution on the

phase map.
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In this section, the Non-Mag sample was used for the map acquisition at four conditions
labeled A through D in Table 3.5. As discussed in the previous sections, the aSDD has a large solid
angle, which allows for a higher collecting count rate than the cSDD. However, not all the collected
counts can be analyzed, and the R,,,; represents the real count rate used to generate the X-ray maps.
Figure 3.10 displays the phase maps acquired under the corresponding conditions, and the area

fraction of each phase.

Table 3.5 Four conditions used to acquire the phase maps displayed in Figure 3.10 with the annular

silicon drift detector.

Probe Input count Output count

Condition Pr;)_cessmg current, Ip £ Detqd tn;e rate, R;, rate, Ryu:
ime, 7 (bA) raction, Tpr (keps) (keps)
A 60 kcps 105 10% 74.1 66.2
B 60 kcps 920 60% 599.5 221.9
C 275 keps 390 10% 241.4 218.8
D 275 keps 4370 60% 2880.7 1003.8

Compared with the other three conditions, condition A has a relatively lower R,,,;, So the
map is noisier and fewer pixels were identified. However, the total counts used to generate maps
should be estimated with R,,,; and T, together. For example, conditions B and C have similar
R, but they have different live time for collecting counts. Although the three conditions B, C,
and D have different R,,,; and Ty, the phase maps, as well as the area fraction of each phase, are
very similar. This again indicates that as long as the required counts for phase identification are

collected, the extra counts do not further improve the maps.
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Figure 3.10 Secondary electron (SE) image and (a-d) phase maps acquired at A-D conditions listed
in Table 3.5 with the annular silicon drift detector at an accelerating voltage of 20 kV for 30 min.

The area fraction of each phase is also displayed.
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Figure 3.11 Spectra acquired at the four conditions listed in Table 3.5 in the selected area [red

square in (a)]. (a) Secondary electron (SE) image; (b) sum spectra in the selected area in (a); (c)-

(F) the deconvoluted spectra of rare earth elements. The residual (R) of the fit is also displayed.
Energy resolution also has an important impact on phase identification. Area spectra were

extracted from the rare earth phase marked in the red frame in Figure 3.11(a), and the spectra are

displayed in Figure 3.11(b). Conditions C and D collected many more counts, not only for the REE
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peaks, but also for the backgrounds. The spectra visually indicate that the total counts used to
generate maps at conditions B and C are different. Since these REE have similar atomic numbers,
serious overlaps of their L-lines are observed in the area spectra. The deconvolution results are
shown in Figures 3.11(c) - 3.11(f), and the FWHM of La La, Ce La, Pr La, and Nd La are listed
in Table 3.6. For the ease of viewing, not all the X-ray lines within this energy range are displayed.
As shown in Table 3.6, except for the decrease of the pulse processing time, the increase of Ty

will also degrade the energy resolution.

Table 3.6 Energy resolution of REE peaks (La La, Ce La, Pr Lo and Nd La lines) displayed in
Figure 3.10 at the corresponding conditions A through D.

) . FWHM (eV)

Condition Processing time S Celol v NdLal
A 60 kcps 116.1 118.1 120.2 122.2
B 60 kcps 118.2 120.2 122.2 124.2
C 275 keps 129.8 131.6 133.4 135.3
D 275 kcps 138.9 140.6 142.4 144.1

As discussed above, R,,,; is influenced by the probe current and the processing time, and
the energy resolution is mainly influenced by the processing time. In order to systematically
explore the relationships between these factors, a standard sample (EDS-TMO002) was used to
measure Tpr, R;,, and R, With changing I, and z. Figure 3.12(a) illustrates the experimental
relationship between the R,,,; and the R;,, with the processing time of 275, 130 and 60 kcps, and
their fitting curves, such that the 7 factors in equation (3.4) were calculated: 60 kcps, 1.18 ps; 130
keps, 0.62 us; 258 keps, 0.29 ps. According to equation (3.4), the maximum value of R, will be
43% R;,,, which occurs when R;,, equals 1/7. Figure 3.12(b) illustrates the relationship between
R,.: and Tpr, Which is consistent with the expectation that the maximum R, will occur when
Tpr equals to 5%, as deduced from equations (3.3) and (3.4).
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Figure 3.12 The relationships between dead time fraction, input count rate, output count rate, and
energy resolution measured with the standard sample EDS-TMO002. An accelerating voltage of 10
kV was used and the range of probe current was adjusted between 5 pA to 13.63 nA. FWHM, full
width at half maximum intensity.

Even though short processing time can produce a high count rate, the energy resolution,
which is proportional to the X-ray line energy and the electronic noise, is largely compromised.
The long processing time can effectively decrease the electronic noise. Figure 3.12(c) illustrates
the FWHM of the X-ray lines listed in Table 3.1 with the three processing times, and their fitting
curves. Only points with a dead time fraction below 10% are shown in this figure. The

experimental and calculated results show that FWHM increases with higher line energy and a

shorter processing time.
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Regarding the analysis on REE, all the REE L-lines have an energy higher than 4keV with
several subshell lines, so a high energy resolution and a long processing time are preferred.
However, considering the analytical efficiency, the processing time should be chosen according to
the applications. For example, when the phase map is performed at a low magnification to evaluate
the REM beneficiation efficiency, differentiating REE is not necessary, so a relatively short
processing time can be used to obtain a quick map acquisition. That is why the maps acquired at
the four conditions in Figure 3.10 are all acceptable. However, a high energy resolution is
necessary for quantitative analysis. For example, bastnasite can be subdivided to bastnasite-(Ce)
and bastnasite-(La) depending on the ratio of the constituted Ce and La concentrations, so the
differentiation between them requires a high energy resolution to accurately measure the intensity

of each rare earth element.

3.5 Conclusion

In comparisons between an annular and a conventional SDDs, the aSDD, performing at
optimized conditions makes the phase map a practical solution for characterizing REM. The high
count rate of the aSDD, which benefits from its larger solid angle compared with the cSDD,
contributes to a high signal-to-noise ratio of EDS maps in short acquisition time, even with low
beam energy. The high-resolution phase map generated at a low accelerating voltage is helpful to

identify phases at the micron scale. Regarding applications, the phase map can assist to choose an
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appropriate grinding size, to judge the efficiency of separation processes, and to optimize a REM

beneficiation flowsheet.

In order to make full use of the advantage of high count rate, the optimal condition for map
acquisition with the aSDD was explored. In terms of the phase map acquisition on REM, the
processing time should be chosen depending on the applications. On the one hand, when only the
general phase information is required, a relatively shorter processing time can be used to obtain a
quick map acquisition; on the other hand, when different REE need to be differentiated, and the
intensity of each element is required to be accurately measured, a long processing time is necessary

to improve the energy resolution for a more accurate peak identification.
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Chapter 4

Multivariate Statistical Analysis on SEM/EDS Phase Map of

Rare Earth Minerals

In Chapter 3, the phase map analyses using an aSDD were performed on rare earth minerals,
and the large solid angle of the aSDD enables EDS mapping with a high collecting count rate. In
this chapter, the data processing methods based on the multivariate statistical analysis were applied

to the phase maps to further improve the mapping analytical efficiency.

e This chapter has been submitted as: Teng, C.* & Gauvin, R. Multivariate Statistical

Analysis on an SEM/EDS Phase Map of Rare Earth Minerals. Scanning (in press).
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4.1 Abstract

The scanning electron microscope/energy dispersive spectroscopy (SEM/EDS) system is
widely applied to rare earth minerals (REMs) to qualitatively describe their mineralogy and
quantitatively determine their composition. The performance of multivariate statistical analysis on
the EDS raw dataset can enhance the efficiency and the accuracy of phase identification. In this
work, the principal components analysis (PCA) and the blind source separation (BSS) algorithms
were performed on an EDS map of a REM sample, aiming to achieve an efficient phase map
analysis. The PCA significantly denoised the phase map, and was used as a preprocessing step for
the following BSS. The BSS separated the mixed EDS signals into a set of physically interpretable
components, bringing convenience to the phase separation and identification. Through the
comparison between the independent component analysis (ICA) and the non-negative matrix

factorization (NMF) algorithms, the NMF was confirmed to be more suitable for EDS mapping.
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4.2 Introduction

Industrial demands for rare earth elements (REES) keep rising as a result of their increasing
application in high-technology electronic devices. As sources of these elements, the rare earth
minerals (REMSs) and their bearing ores are required to be characterized with more efficient
techniques to weigh the REEs concentrations. The most popular characterization system is the
scanning electron microscope coupled with the X-ray energy dispersive spectroscopy (SEM/EDS)
due to its fast and easy operation. The annular silicon drift detector (aSDD), which enhances the
count rate and spatial resolution of phase mapping, can achieve a more efficient EDS analysis
(Teng et al., 2018). However, the small proportion of REMs in the ores and the low concentration
of REEs in the REMs may cause the problem of insufficient X-ray intensities for distinct peaks in
the sum spectrum, resulting in omissions of rare earth phases in an EDS mapping analysis. To
settle this issue, the simplest way is to extend the acquisition time to overwhelm the spectrum

background, but the trade-off is the analytical efficiency.

This study investigates an alternative method, which applies the multivariate statistical
analysis (MSA) on a map dataset to extract REESs intensities, and thus effectively shortens the data
acquisition time. The MSA treats an EDS map as a set of spectral images (SIs) which encompass
the spectrum at each pixel to reduce the dataset redundancy, and then distinguishes the spectra for
similarities and differences without predetermining elements (Bosman et al., 2006). Through
combining similar Sls, the original dataset is decomposed into a limited number of components to
capture the major information. In this way, the phases with different chemical constituents can be
distinguished without any biased expectation, providing preliminary knowledge for further

guantitative analyses (Kotula et al., 2003; 2012).
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The principal component analysis (PCA) is the most widely used algorithm among various
MSA methods, which creates a set of orthogonal variables and orders them as decreasing variations
(Woldetal., 1987, Trebbia & Bonnet, 1990, Parish & Brewer, 2010). Its most popular applications
for X-ray microanalysis are dimensionality reduction and noise subtraction through maintaining
the leading components with higher variances and discarding the rest as noise. It has been applied
to EDS spectra to remove background counts and extract characteristic X-ray intensities, which
shortened the necessary acquisition time (Saghi et al., 2016). It was also used to directly distinguish
particles with different chemical compositions or morphologies in an EDS map (Genga et al.,
2012). However, the orthogonal constraint followed by the PCA neglects any physical

consideration, which may cause difficulties in interpreting the decomposed components.

As an alternative to avoid this limitation, the blind source separation (BSS) unmixes the
original dataset into a set of statistically independent components to directly capture the essential
data structure (de la Pefia, et al., 2011). Among the various BSS algorithms, the two most
commonly applied to X-ray microanalysis are the independent component analysis (ICA) and the
non-negative matrix factorization (NMF), which both consider each decomposed component as a
typical event occurring between the electron beam and the specimen (Cardoso, 1998; Lee & Seung,
1999, Hyvérinen & Oja, 2000). The main difference between the two algorithms is that the NMF
only allows additive combinations and prevents subtractions to force all components to be non-
negative, but the ICA allows both combinations and subtractions (Wu et al., 2010, Jany et al.,
2017). Even though the BSS can be performed independently, it usually requires the PCA as a
preliminary step to make the original dataset less correlated and decide the ummixed dimension

(Jany et al., 2017). There are more and more studies using the combination of PCA and BSS to
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distinguish different phases instead of the traditional elemental identification method (Rossouw et

al., 2015b; 2016).

In this study, the PCA and BSS algorithms were performed on an EDS map dataset
acquired on a REMs sample for only 5 minutes, aiming to achieve an efficient phase analysis and

find the optimal data processing procedure.

4.3 Materials and Experimental Methods

4.3.1 Sample

The ore powders from the Nechalacho deposit (Thor Lake in Northwest Territories, Canada)
were sprinkled at the bottom of a cylindrical holder, dispersed in white LR White Resin (London
Resin Company Ltd, Reading, England) and then mixed thoroughly. The holder containing the
dispersed powder was cured in a vacuum oven for 48 hours at a constant temperature of 60°C.
After curing was complete, the sample was polished with silicon carbide papers, followed by
diamond suspensions of 1 um grain size (Buehler, Lake Bluff, IL, USA) and alumina suspension
of 50 nm grain size (Buehler). As the sample is a poor conductor, a thin (nominally 10-20 nm-
thick) coating of an amorphous carbon layer was applied using an Edwards vacuum carbon coater

E306 (Edwards, Crawley, England) in order to avoid surface charging.

68



4.3.2 SEM/EDS characterization

Characterizations were performed with a Hitachi SU8230 cold field emission SEM
(Hitachi High-Technologies, Rexdale, ON, Canada) equipped with a Bruker Flat Quad XFlaxh®
5060F aSDD (Bruker Nano, Berlin, Germany) with a 60-mm2 collection area. Two sets of EDS
maps were acquired for 5 minutes and 60 minutes in a same area at the condition listed in Table
4.1 using the Bruker ESPRIT software (version 1.9) (Bruker Nano). The probe current was
measured with a Faraday cup mounted on the column with a NanoPico picoammeter from Hitachi

(Hitachi High-Technologies), and the total counts were recorded by the Bruker ESPRIT.

Table 4.1 Current conditions of the map acquisitions.

Total counts

Beam energy Probe current Collecting count rate
5 min 60 min

20 kv 280 pA 67.6 kcps 20,688,661 201,809,640

4.3.3 Phase map analysis

To obtain the phase map, the conventional EDS qualitative maps were quantified by Bruker
ESPRIT software to acquire the net intensity maps, and then the f-ratio of each element at every

pixel was calculated using equation (4.1):

I

fi= VI (4.1)

where li is the net X-ray intensity of element i in a N-element system from one spectrum (Horny,

2006). Using equation 4.1, the qualitative map of each element was converted to its f-ratio map,
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and a histogram of the f-ratio values was generated in the meantime. Figure 4.1 displays the f-ratio
map of Si-Ka (a) and its histogram (b) as an example: the number of peaks in the histogram refers
to the number of minerals containing Si. Then the mineral phases were manually defined with the
ranges of the f-ratio values of the constituted elements according to the histograms, and an open
source Python script, pyPhaseMap (available on GitHub as pyphasemap repository), was run to
convert the elemental f-ratio maps into a phase map (Brodusch et al., 2017, Teng et al., 2018). The
f-ratios do not represent the real composition, but they are proportional to the concentrations of the
corresponding elements. The adjustable f-ratio range is important to analyze minerals as their
chemical compositions are usually not constant. The area fraction of each phase was calculated to
evaluate the phase maps acquired at different conditions. The major phases were identified in the
major-phase maps, and the distributions of the REMs were illustrated through overlaying the

REM-phase maps with the SE image.

0.80 (b)

0.0 0.2 04 0.6 0.8

Figure 4.1 Si-Ka f-ratio map (a) and its histogram (b).

4.3.4 Multivariate statistical analysis

The Python based open source, Hyperspy (de la Pefia et al., 2017), was used to perform the

MSA, including the PCA, and the BSS using ICA and NMF algorithms, on the 5-minute map. The
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number of pixels in the map is 512*384, so there are 512*384 channels of the Sl dataset. The
singular value decomposition algorithm was used for the PCA, and the cumulant based algorithm
was used for the ICA. The explained variance ratio of the components decomposed by the PCA
was plotted against the component index in a scree plot, which is helpful to estimate the number
of components remaining for the denoising analyses and the output dimensions for the following
BSS analyses, including the ICA and NMF treatments. In the BSS analyses, a new dataset was
reconstructed with the selected components, and the modified X-ray intensity maps were retrieved
from it. And then, the improved phase map analysis was performed with the modified X-ray maps.
The 5-minute REM maps, including the original one and the MSA-modified ones, were evaluated
by counting the correctly and incorrectly identified pixels, considering the 60-minute map as a
reference: the pixels identified as rare earth phases both in the 5-minute map and the 60-minute
map were counted as the correct phases, but those only identified in the 5-minute map were

counted as the noise.

4.4 Results and Discussion

4.4.1 Denoising analysis with the PCA

Figure 4.2 displays the phase maps acquired at the conditions listed in Table 4.1. In the
phase maps, only the major phases were identified, and a large amount of the minor phases were
labeled as “Other”. The 60-minute maps, including the major-phase map [Figure 4.2(a)] and the

REM-phase map [Figure 4.2(b)], are much clearer compared with the 5-minute maps [Figure 4.2(c)
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the major-phase map and Figure 4.2(d) the REM-phase map] as a result of the approximate 10
times collected X-ray counts. The main rare earth carriers in this deposit: bastnasite
(Ce,La,Y)F(CO:s), parisite (Ca(Ce,La)2(CO3)3F2), and fergusonite (YNbO4) (Sheard et al., 2012),
were identified in the maps. In the three REMs, the main REEs are La, Ce, Pr, and Nd, so these
elements were used for the phase identification in this work. Figure 4.2(e) is the spatial difference
map which was computed by subtracting the phases in Figure 4.2(b) from Figure 4.2(d) to show
the pixels misidentified as the rare earth phases in the 5-minute map. These misidentified pixels
are concentrated in the mounted epoxy resin and should be removed to make the real mineral
phases more visible. The comparisons shown in Figure 4.2 confirm that the acquisition time of 5

minutes is insufficient for an accurate phase identification.

EEl Bastnaesite
Fe-oxide
Fergusonite

EEm Other
Parisite

Figure 4.2 Phase maps acquired at the conditions listed in Table 4.1. (a) 60-minute major-phase
map; (b) 60-minute REM-phase map; (¢) 5-minute major-phase map; (d) 5-minute REM-phase

map; and (e) 5-minute noise map.
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In order to improve the 5-minute map, the PCA algorithm was executed to decompose the
original map, and the variances of the first 50 components are plotted against their index in Figure
4.3. The routine PCA and the weighted PCA were both applied on the dataset, and their scree plots
are displayed in Figure 4.3(a) and Figure 4.3(b), respectively. As shown in Figure 4.3(a), the
leading 22 components have relatively higher variances compared to the rest, but the weighted
PCA algorithm revealed the significantly higher variances of the first 9 components. A
compromise should be made in the component selection: all the useful information ought to be
included, but the less components remaining can effectively shorten the processing time. However,
the physical meaning of each component cannot be interpreted, so a direct component selection

for the new dataset construction cannot be achieved.
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Figure 4.3 Explained variance ratio of the first 50 PCA components. (a) routine PCA; (b) weighted
PCA.

The denoising analyses were performed with the first 9 and 22 components after the
execution of the weighted and routine PCA algorithms, respectively, and the results were shown
in Figure 4.4. As explained previously that the phase identification was processed with the
elemental f-ratio maps which were computed with the elemental intensity maps by applying

equation (4.1) at each pixel, the f-ratio map processing is critical to the phase map analysis. Figures
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4.4(a) - 4.4(c) show the f-ratio maps of La-La (4.65 keV) as examples: Figure 4.4(a) is the original
La-La f-ratio map, and Figures 4.4(b) and 4.4(c) are the denoised La-La f-ratio maps retrieved
from the first 9 and 22 components. According to Figures 4.4(b) and 4.4(c), the major La-bearing

phases are among the first 9 components as the two maps do not have significant differences.
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Figure 4.4 Denoising analyses with PCA on the 5-minute map. (a) Original La-La f-ratio map; (b)
denoised La-La f-ratio map with the first 9 weighted PCA components; (c) denoised La-La f-ratio
map with the first 22 routine PCA components; (d) REM-phase map with the first 9 weighted PCA

components; (e) REM-phase map with the first 22 routine PCA components; (f) noise map of the

22-component denoised 5-minute map; (g) bar chart of the phase identification.
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According to equation (4.1), the f-ratio is a normalized value, and is proportional to the
concentrations of the corresponding elements. Since most minerals do not have constant chemical
compositions, the computation of the f-ratio facilitates the phase identification by setting the
threshold of each phase using the elemental f-ratio values, and the phase map is processed by
applying the phase identification at each pixel. Figures 4.4(d) and 4.4(e) display the denoised
REM-phase maps with the first 9 (weighted PCA) and 22 (routine PCA) components, which are
both clearer than the original 5-minute map. However, when only the first 9 components were kept,
the information of the orange phases (fergusonite) were totally discarded [Figure 4.4(d)]. Thus,
the threshold of 22 is more appropriate to achieve both accurate phase identification and noise

reduction.

Figure 4.4(f) shows the spatial difference map between the denoised 5-minute map using
the first 22 routine PCA components and the 60-minute map. Compared to Figure 4.2(e), after the
PCA denoising analysis, a large amount of noise was removed from the phase map. Figure 4.4(qg)
statistically compares the rare earth phases (red bars) and the noise (yellow bars) identified in the
original 5-minute map and the 22-component denoised one. The two maps have similar pixels
correctly identified as REM, but the modified map has significantly less noise. The purple bars
represent the sum area fraction of all mineral phases, which show that the total identified pixels in
the two maps are similar, but less than that in the 60-minute map (the purple triangle). Since the
powder was mounted in the epoxy resin, the sum fraction of all mineral phases does not equal
unity. Either the observation on the maps or the data summarized in the chart confirms that the
decomposition of the original dataset and the reconstruction with selected PCA components can

achieve the reduction of misidentified pixels and a more accurate phase identification.
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Since there are a large number of minerals in this sample, the number of remaining
components should be carefully checked in order to save processing time and avoid phase
omissions. However, taking this 5-minute map as an example, the optimal denoising threshold
might be a number between 9 and 22, but the detailed selection cannot be further made due to the
unknown information in each component. In this case, the BSS is a more convenient method as

each component can be physically interpreted.

4.4.2 ICA-based and NMF-based BSS analyses

Two BSS algorithms, the ICA and NMF, were executed on the 5-minute dataset, and the
output dimension was set to 22 according to the previous PCA results. A direct phase separation
was achieved with the two algorithms: each BSS component was distinguished in the form of a
multi-element X-ray intensity map and its sum spectrum, which presents the phases with similar
chemical compositions. The spectrum is helpful for phase identification, and the map directly

shows the phase distribution.

Figure 4.5 shows the rare earth components (RE-components) separated by the ICA
algorithm, including the bastnasite and parasite [Figure 4.5(a)], and the fergusonite [Figure 4.5(b)].
Remarkably, there are some non-rare-earth phases presenting darker particle profiles compared
with the epoxy background in the distribution map [as arrowed in white in Figure 4.5(b)]. Since
the ICA algorithm allows both combinations and subtractions, the subtraction calculation may

result in negative values and physically uninterpretable results in an EDS map. Except for the
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mineral phases, the component of epoxy resin was also distinguished from the original dataset, as

shown in Figure 4.5(c).
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Figure 4.5 RE-components separated by ICA-based BSS. (a) Bastnasite and parisite component;

(b) fergusonite component; (c) epoxy component.

The ICA makes the component selection much easier, but the recognition power for the

phase separation is decided by the preset output dimension. As shown in Figure 4.5(a), the
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bastnasite and the parisite were considered as one component when the dimension was set to 22.
If further differentiation between the two phases needs to be processed, there will be repetitive
attempts to set the output dimension and perform the data separation as the components are
unpredictable. In addition, the computation time is also a considerable issue, which limits the
output dimension not to set to a large number. Thus, it is preferred to reconstruct a new dataset
with selected components, retrieve the modified X-ray intensity maps, and then perform a phase

map analysis with the manual identification.

Regarding the retrieval of the modified X-ray intensity maps, the different component
selection for the new dataset reconstruction may lead to different results. Figure 4.6(a) shows the
La-La intensity map retrieved from the full dataset without any component exclusion. The non-
rare earth phases can be obviously observed as the collected X-ray counts are insufficient. Also,
the noise collected from the epoxy background is also shown in this map. As shown in Figure
4.5(c), the epoxy background component was also identified and separated from the original
dataset, so this component could be excluded when the new dataset was reconstructed. The
modified La-La intensity map retrieved from the dataset excluding the epoxy resin component is
shown in Figure 4.6(b). This map is slightly clearer than Figure 4.6(a), but other mineral phases
are still visible. Figure 4.6(c) shows the map retrieved only from the RE-components, which
thoroughly avoids the interferences from other phase signals. However, the uninterpretable dark

particle profiles are also observed in Figure 4.6(c) (as arrowed in white).
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(a) Full dataset (b) No epoxy component (¢) Only RE components

Figure 4.6 La-La intensity maps retrieved from ICA datasets.

Since the ICA allows the complex cancellations between positive and negative numbers to
realize the linear combination of these components, the decomposed EDS spectrum and the map
may lose their intuitive physical meanings and fail to duplicate the reality (Wu et al., 2010). By
contrast, the NMF-based BSS only allows the combinations and can thoroughly avoid this issue.
Figure 4.7 shows the NMF RE-components, including the bastnésite and parasite component
[Figure 4.7(a)], the fergusonite component [Figure 4.7(b)], and the epoxy component [Figure
4.7(c)]. Figure 4.8 illustrates the comparison of the La-La intensity maps, including the one
retrieved from the full dataset [Figure 4.8(a)], the modified one retrieved from the dataset
excluding the NMF epoxy component [Figure 4.8(b)], and the map retrieved from the NMF RE-

components [Figure 4.8(c)].

As shown in Figure 4.7, the NMF RE-components fit better with the fact without the dark
particle profiles compared with the ICA components. Regarding the X-ray intensity map, the La-
La map retrieved from the RE-components [Figure 4.8(c)] successfully gets rid of the noise from
the epoxy background and the interferences from other phases. However, the NMF spectra are far
from a real EDS spectrum with some sharp jumps, and by contrast, the ICA spectra have much

smoother outlines. A more direct comparison is illustrated in Figure 4.9, which displays the ICA
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and NMF spectra of the bastnasite and parisite component, and a real EDS spectrum extracted
from a bastnasite phase. The spectra after the BSS treatments represent the X-ray signals of the

separated components, so strange jumps are observed compared to the conventional EDS spectrum.
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Figure 4.7 RE-components separated by NMF-based BSS. (a) Bastnasite and parisite component;

(b) fergusonite component; (c) epoxy component.

80



La_La at 4.65 keV [La_La at 4.65 kev La_La at 4.65 keV

(a) Full dataset (b) No epoxy component (c) Only RE component

Figure 4.8 La-La intensity maps retrieved from NMF datasets.
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Figure 4.9 Comparison between ICA and NMF spectra and a real EDS spectrum.

With the modified X-ray maps retrieved from the reconstructed dataset, the phases were
further identified. The phase maps were processed with the different datasets reconstructed with
the selected ICA and NMF components, and they are statistically compared in terms of the phase
identification of the rare earth phases (red bars) and the noise (yellow bars), and the sum area
fraction of all mineral phases (purple bars) in Figure 4.10. Two datasets were reconstructed for the
ICA and NMF algorithms respectively: one with all the components and one excluding the epoxy
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component. As shown in this figure, both the NMF and ICA algorithms significantly denoised the
map, but there are less rare earth phases identified after the ICA treatment. Additionally, the
subtractions of the epoxy background do not further improve the maps. Since the BSS calculation
aims to recover the sources using the observed data, the dataset separation can underscore the data
structure. Thus, even without component exclusion, the mineral phases can be more outstanding

just through the data decomposition and reconstruction.
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NMF no epoxy component
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Figure 4.10 Rare earth phases (red bars) and noise (yellow bars) identified in the 5-minute map
datasets. The purple bars represent the proportions of all phases identified in the 5-minute maps,
and the purple triangle indicates that in the 60-minute map.

Besides the identification of REMs, the proportion of all identified mineral phases (purple
bars) is also an important criterion for evaluating the applied algorithms. As shown in Figure 4.10,
the NMF algorithm can also increase the proportion of all phases, improving the identification
power for the 5-minute map. The ultimate objective of this study is to find the optimal procedure

to achieve an efficient phase analysis, which can render the 5-minute map with the 60-minute
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quality. Compared with the original 5-minte map, the BSS modified maps have great

improvements, and can achieve a similar quality of the 60-minute one.

4.5 Conclusion

The PCA and BSS analyses were performed on an EDS map dataset which was acquired
on a REM sample for only 5 minutes. Through the denosing analysis with the PCA, a much clearer
phase map was obtained. The number of remaining components should be carefully checked in
order to avoid the phase omissions and save the computation time. The BSS treatments can provide
a similar denoising result, but they have different principles: the PCA-denoising is achieved by
remaining the components with higher variances and discarding the rest as noise, but the BSS-

denoising is achieved by directly excluding the undesired components.

Through the performance of BSS, the mineral phases with similar compositions were
directly separated, bringing convenience to the phase identification. However, due to the complex
nature of this mineral sample, an accurate component separation is not easily achieved just using
the BSS. In order to avoid repetitive attempts on the data separation, it is preferred to combine the
BSS analysis with the conventional phase map analysis. The components decomposed by the BSS
can provide a preliminary idea of the sample, and then the phase map can be processed with the
modified X-ray intensity maps which are retrieved from the reconstructed dataset. In this way, the

phase identification and noise reduction can be both achieved. Through the comparisons between
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the ICA and NMF algorithms the NMF is more suitable for a phase map analysis due to its smaller

signal reduction.
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Chapter 5

The f-ratio Quantification Method for X-ray Microanalysis

Applied to Mg-Al-Zn Alloys

In Chapters 3 and 4, the highly efficient phase map analysis produced with the elemental
X-ray maps acquired using an SEM/EDS system was described. The f-ratios calculated with the
characteristic X-ray intensities of constituent elements were used for phase identification. In this
chapter, the quantification method based on the f-ratio computation, the f-ratio method, was
applied to Mg-Al-Zn systems. The use of pure-element (PE) standards and the beam current

influences are investigated.
e This chapter has been published as: Teng, C.*, Demers, H., Chu, X. & Gauvin, R. (2019).

The f-ratio Quantification Method for X-ray Microanalysis Applied to Mg-Al-Zn Alloys.
Microscopy and Microanalysis 25(1), 58-69. doi:10.1017/S1431927618015684.
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5.1 Abstract

The f-ratio quantitative X-ray microanalysis method has been recently developed for binary
systems based on a scanning electron microscope/energy dispersive spectroscopy (SEM/EDS)
system. This method incorporates traditional EDS experiments and Monte Carlo simulations, and
calibration factors are calculated with standard samples to evaluate the differences between them.
In this work, the f-ratio method was extended to Mg-Al-Zn multi-element systems using a cold
field emission SEM and a tungsten emission SEM. Results show that the stability of the beam
current does not influence the f-ratio quantification accuracy. Thus, the f-ratio method is suitable
for quantitative X-ray mapping with a long-time acquisition or even an unstable beam current.
Compared to other quantitative techniques including the routine standardless analysis and the

standard-based k-ratio method, the f-ratio method is a simple and accurate quantification method.
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5.2 Introduction

A scanning electron microscope/energy dispersive spectroscopy (SEM/EDS) system is a
popular instrument for quantitative X-ray microanalysis due to its simple and fast operation. The
use of a silicon drift detector endows the EDS spectrum acquisition with high efficiency and good
energy resolution (125-129 eV, full peak width at half maximum at Mn Ka: 5,890 eV) (Newbury,
2002; Cubukgu et al., 2008; Newbury & Ritchie, 2015). Regarding the quantitative analysis, the
Castaing equation (k-ratio method) (Castaing, 1951) enables EDS to be performed as a standard-
based quantification technique with accuracy and precision comparable to wavelength dispersive
spectrometry (WDS) (Ritchie et al., 2012). In order to make full use of the advantage that an EDS
spectrum can exhibit all characteristic X-ray peaks at one time, the standardless method was
developed to eliminate the needs for real standards and measurements of electron dose, but the
quantification accuracy is greatly undermined (Newbury et al., 1995; Cubukgu et al., 2008;
Newbury & Ritchie, 2013). Therefore, the f-ratio method, which has similar experimental
procedures with the routine EDS standardless analysis, was developed as an alternative to the
traditional k-ratio method to perform the standard-based quantitative analysis (Horny, 2006; Horny

etal., 2010).

The f-ratio method incorporates EDS experiments and Monte Carlo simulations, and
calibration factors are calculated with standard samples having known compositions to evaluate
the differences between them. This method has been applied to the binary Cu-Au standard alloy
[SRM 482, from the National Institute of Standards and Technology (NIST) standards mounted
by Geller MicroAnalytical Laboratory Inc., Boston, MA, USA] of 20, 40, 60, and 80 wt.% of Au,

and the quantification results reach an accuracy better than 5% with beam-energy-dependent
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calibration factors, which is better than the EDS standardless quantification (Horny et al., 2010).
However, Horny used the Cu-Au alloy (40 wt.% Au) to calculate the calibration factors and to
compute the compositions of other Cu-Au alloys, restricting the choice of standards: only a
compound standard which contains all the target elements could be used. With the number of
constituent elements increasing, it becomes harder to find such a compound standard, and it would
be more convenient if pure-element (PE) standards can be used. Thus, the purpose of this work is
to extend the f-ratio method to multi-element systems and to validate the use of PE standards in

the f-ratio quantification.

In this work, two types of Mg-Al-Zn ternary systems: an Mgas-Al27-Znzs cast alloy and an
Mg-Al-Zn diffusion alloy were quantitatively analyzed by the SEM/EDS systems using the f-ratio
method with the compound standard and PE standards. A cold field emission SEM (CFE-SEM)
and a tungsten emission SEM were used to investigate the influence of the beam current stability
on the f-ratio quantification accuracy. The quantification results of the f-ratio method were

compared with the EDS standardless analysis and the standard-based k-ratio method.

5.3 The f-ratio Quantification Method

The theory of quantitative X-ray microanalysis was firstly proposed by Castaing in 1951,
and then was developed to the well-known k-ratio method (Castaing, 1951; Goldstein et al., 1981).
However, this method requires an identical acquisition condition for the unknown specimen and

standards, which is difficult to achieve in a CFE-SEM due to its unstable beam current. In order to
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eliminate the influence of beam current, the Cliff-Lorimer method (Cliff & Lorimer, 1975) was

proposed, which uses a ratio of the characteristic X-ray intensities of two elements (;—A) in one
B

spectrum. However, this method is not suitable for systems having trace elements: when I is close
to 0, the use of Iz in denominator will cause large variations in the ratio due to the poor counting
statistics (Horny et al., 2010). Thus, in order to resolve these issues, the f-ratio method was

developed, which can be described as:

fa= 4 (5.1)

Ip+Ip

where I, and I are the net characteristic X-ray intensities in one spectrum. Instead of thin-foils

studied in the Cliff-Lorimer method, the f-ratio method was firstly developed for bulk samples.

One feature of this method is that it couples the EDS experiment and the Monte Carlo
simulation. In this work, the MC X-ray program (v1.6.4) (Gauvin & Michaud, 2009) was used to
perform the simulations of X-ray generations and emissions. It is an easy program to input the
desired sample composition, select the physical models for X-ray generation and emission, set the
microscope parameters, and obtain the simulated X-ray intensities. The effects of the beam energy,
ionization cross-section models, mass-absorption coefficients, and X-ray generation methods are

all calculated in the simulations.

The first step to perform the f-ratio quantification is to calculate the calibration factors with
standards. The f-ratio method requires a standard sample with known composition to correct the
differences between experiments and simulations. With the standard sample, the experimental
intensities (I;"* and I;"") are measured and the experimental f-ratios (£, and f;" ) are
calculated. Then, the theoretical intensities (1¢* and I15%) are simulated with the composition of the
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standard, and the theoretical f-ratios (£ and f£") are calculated. After that, the experimental and

simulated f-ratios can be associated by inserting a calibration factor A,_g:

exp Jth

exp _ __Ia — A 5.2
fo " = oo = th (5.2)
A 1P 41 1§'+A4_plf

Thus, the calibration factor A,_p is determined as:

th exp th ,€xp
_ fa'Js Iy Ip

App = £ PO T R o (5.3)

The X-ray intensities of A and B used to calculate the f-ratios are from the same spectrum, so the
computed calibration factor is independent of the beam current. Additionally, it is recommended
to use an energy-dependent calibration factor to obtain a higher quantification accuracy (Horny,
2010). In a multi-element system, calibration factors for each pair of elements are required, and

their f-ratios are given as:

th
I

fi (5.4)

=
I +Zi¢in—11

However, if PE standards are used, the beam current and the acquisition time should be
measured during the acquisitions on the standards in order to correctly simulate the X-ray emission

with the same electron dose. Thus, the calibration factor should be calculated for each element as:

exp

1
AA = ;Elh (55)

Even though equation (5.5) and the conventional k-ratio both use the X-ray intensities of the same

element, equation (5.5) compares the experiment and simulation, but the k-ratio compares the
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unknown sample and the standard. With the calibration factors calculated with PE standards, the

f-ratio should be rewritten as:

[exD A gth jth
fexP _ A _ AlA _ A (5 6)
- ,ex ex - - .
A EPET T Aarfesiff T g
th
fi=—5— (5.7)
l th Ajen '
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The f-ratio quantification works by performing simulations on the target system to build
the relationship between the system composition and its elemental f-ratios. A Python script is used
to change the composition in the target system, input the compositions into the MC X-ray program
(Gauvin & Michaud, 2009), and obtain the theoretical X-ray intensities. The step size of the
compositional change determines the precision of the quantification results. However, if the step

size is too small, the quantification efficiency will be undermined.

With the simulated X-ray intensities, the calibrated f-ratios can be calculated according to
equation (5.4) or (5.7) depending on the types of standards used, and then associated with the
system composition. This relationship is the key for the f-ratio quantification, which is used to find
the corresponding composition with the experimental f-ratios of the unknown sample measured by
a routine EDS acquisition. The experimental procedures are the same as the standardless analysis
without the need to measure the beam current. However, the current limitation of the f-ratio method
is the normalized quantification result, as the input composition to the MC X-ray program has to
be normalized. Thus, the constituent elements should be accurately identified before the

quantification.
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5.4 Samples and Experimental Methods

5.4.1 Standard Mgas-Al2s-Zn27 alloy

A Mg-Al-Zn cast alloy with an inductively coupled plasma atomic emission spectroscopy
(ICP-AES) measured composition of 44.74 wt.% Mg, 27.76 wt.% Al, and 27.50 wt.% Zn was
studied in this work. It was used as the target specimen for the quantitative analyses, and the ICP-
AES result was considered as the reference composition. Although it is not a homogeneous sample
[its backscattered electron (BSE) image is shown in Figure 5.1], its composition is consistent when
large areas at a low magnification are analyzed. The electron probe microanalyzer (EPMA)/
wavelength dispersive spectroscopy (WDS) results show that this sample has an average
composition of 44.75 + 0.19 wt.% Mg, 28.82 + 0.27 wt.% Al, and 27.91 + 0.41 wt.% Zn with five
raster beam analyses performed on areas of 253 x 189 umz2 (magnification 500x). Thus, the alloy
was also used as a standard compound to calculate the calibration factors. The influence of its

heterogeneity on the quantifications will be discussed later.

Figure 5.1 BSE image of Mgas-Alzs-Zn,7 alloy at 20 kV.
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For SEM observations, the sample was ground with silicon carbide papers from 100 to
1200 grit and then polished with the diamond paste of 3 um (Buehler, Lake Bluff, IL, USA) and
1 pm grain size (Anamet, Montreal, QC, Canada). The final polishing step was performed with
the OP-S Suspension (Struers Inc., Cleveland, OH, USA). Since Mg-Al alloys are susceptible to

oxidation, ethyl alcohol was used as a lubricant during the polishing.

5.4.2 Mg-Al-Zn-Cu diffusion alloy

The Mg-Al-Zn-Cu diffusion alloy was also studied in this work. To fabricate this diffusion
sample, four pieces of pure metals (aluminum, magnesium, zinc, and copper) were subjected to a
preliminary polishing treatment to obtain a flat and clean surface. After that, they were placed
together according to the schematic view in Figure 5.2(a), and then sealed into a quartz tube filled
with argon gas. The tube was inserted in a Lindberg tube electrical resistance furnace at 325 °C
for 20 days to allow diffusion. After 20 days, the sample was taken out, mounted in an epoxy resin,
and prepared for SEM observations. The metallographic preparation procedures used for this

sample were the same as above.

The diffused layers formed at interfaces between the different pieces, while the regions far
from the interfaces remained pure metals. A clearer illustration of the diffusion sample is shown
in the BSE image [Figure 5.2(b)]. The Mg-Al-Zn alloy was used for the analysis of the ternary

system, and the pure metals located far from the interfaces were used as the PE standards.
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Figure 5.2 The Mg-Al-Zn-Cu diffusion alloy sample: (a) schematic view and (b) BSE image.

5.4.3 Microanalysis

A CFE-SEM, Hitachi SU-8000 (Hitachi High-Technologies, Rexdale, ON, Canada) was
used for observations. The CFE features the increased brightness and small beam size, but the
beam current is not stable. A tungsten emission SEM, Hitachi SU-3500 (Hitachi High-
Technologies, Rexdale, ON, Canada) with a relatively stable current was also used. In the Hitachi
SU-8000, EDS X-ray microanalysis was performed using an 80 mma2 silicon drift detector (Oxford,
Abingdon, Oxfordshire, UK) controlled by INCA software (version 4.15) (Oxford, Abingdon,
Oxfordshire, UK). In the Hitachi SU-3500, EDS analysis was performed using the same detector
controlled by an Aztec software (version 3.0) (Oxford, Abingdon, Oxfordshire, UK). The CASINO
program (v2.4.9.2) (Drouin et al., 2007) was used to compute the electron and X-ray ranges excited

by the electron beam.

For the Mgas-Al2s-Zn27 alloy, its average bulk composition was analyzed by performing

the SEM/EDS analyses on areas with a size of 253 x 189 um2 (magnification 500x%) at 20 kV with
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a live time of 300 s. Both the Hitachi SU-8000 and Hitachi SU-3500 were used, in order to
investigate the influence of the beam current stability on the quantification results. Various
quantitative techniques were applied, including the f-ratio method, the standardless and standard-
based analysis performed by the software attached to the respective spectrometer (INCA for the
Hitachi SU-8000 and Aztec for the Hitachi SU-3500), and the standard-based k-ratio method
performed by the DTSA-II software (version Jupiter 2017-11-06) (Ritchie, 2011a). The PE
standards (SPI Supplies Inc., West Chester, PA, USA) were used for all the standard-based
analyses. A Faraday cup with a NanoPico picoammeter (Hitachi High-Technologies, Rexdale, ON,
Canada) was used to measure the beam currents before and after each point acquisition on the PE
stanards with a live time of 300 s. This specimen was also analyzed by an EPMA/WDS system
(JEOL 8900) (JEOL, Peabody, MA, USA) with a raster beam on areas of 253 x 189 um:2
(magnification 500x) at 20 kV with the acquisition time of 60 s for each peak, and MgO, Al20s3,

and ZnO were used as standards for Mg, Al, and Zn, respectively.

Since the Mgas-Al2s-Zn27 alloy is a multiphase sample, the composition of each phase was
also analyzed by the f-ratio method. The EDS point analyses were performed with the Hitachi SU-
8000 at 5 kV with a live time of 300 s. The f-ratio quantitative X-ray maps were also computed
for this sample. An overnight (~ 6 hours) X-ray map was acquired with the Hitachi SU-8000, then
the f-ratio calculation was applied on each pixel, and the phase map was calculated with a Python

script (Teng et al., 2018).

For the Mg-Al-Zn diffusion sample, line scan analyses were performed with the Hitachi
SU-8000 at 5 and 20 kV. The live time of each point on the line scan was 60 s. The same set of

data was analyzed by the f-ratio method, the EDS standardless analysis, and the standard-based k-
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ratio method performed with DTSA-II software (Ritchie, 2011a). The PEs located far from the
diffusion layers were used as PE standards for the f-ratio method and the k-ratio method. The beam
current was measured by a Faraday cup with a NanoPico picoammeter (Hitachi High-Technologies,
Rexdale, ON, Canada) before and after each point acquisition with a live time of 300 s. In addition,
the Mgass-Al2s-Zn27 alloy was also used as the compound standard for the f-ratio quantification on
this alloy, and area spectra with a size of 253 x 189 pumz (magnification 500x) were acquired with

a live time of 300 s.

5.4.4 The f-ratio quantifications on Mg-Al-Zn systems

To perform the f-ratio quantification method on the Mg-Al-Zn systems, the calibration
factors between the three elements were calculated according to equation (5.3) or (5.5) depending
on the types of standards used. When the Mgas-Al2s-Zn27 alloy was analyzed, the simulated X-ray

intensities were calibrated with the PE standards, so the calibration factors were calculated as:

I;pr Iexp Iexp

— g . — Al . — Zn

AMg — qth AAl - qth AZn — qth (5-8)
Mg Al zn

But when the Mgas-Al2s-Zn27 alloy was used as a standard, the calibration factors were calculated

as.:

15 157P Ity 1P h P
A = MgAl_. A = M3gzn_. A — ZAl Zn (5.9)
Mg—-Al — th (exp» AMg—Zn = th €xXps SYAl-Zn T th €XP .
Al ‘Mg Zn ‘Mg Zn “Al
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Due to the poor energy resolution in an EDS spectrum, the sum of a whole X-ray family intensity
(e.g., for Al, the sum of intensities of Ka and K[3) was used in the calculations to avoid the error

introduced by deconvolution.

Table 5.1 shows the models applied to simulate the X-ray generation and emission in the
MC X-ray program. The microscope parameters were set according to the corresponding
instrument and the experimental conditions, such as the accelerating voltage and the take-off angle.
When the PE standards were used, the electron dose of each standard was kept the same for the
experiment and the simulation. In addition, the detector efficiency is a key factor for X-ray
collection, but some basic parameters (e.g., the thickness of the window) are difficult to be
accurately measured, so the default settings of the detector were used. Since the calibration factors
are aimed at evaluating the differences between the experiments and simulations, they are reusable

at the same accelerating voltage with the same instrument.

To build the relationship between the system composition and its elemental f-ratios, the
simulations were performed on the Mg-Al-Zn system with a step size of 0.05 atomic fraction. For
example, the first input composition to the simulation was Mgo.ooAlo.00Zn1.00, and then the second
was Mgo.ooAlo.05Zno.gs. In this way, the simulations were run over all the possible compositions in
the Mg-Al-Zn system. And then, the calibrated f-ratios were calculated as equations (5.10) - (5.12)

depending on the standards applied:

Img Img
fug = or < = (5.10)
IMg+Amg-alartAmg-znlzn Img +ﬁlm+ﬁ12n

fai 4l or = (5.12)

= A
La+Aai-mglmg+Bai—znlzn 1Al+%IMg+//\\AIZn
Al Al
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fzn=1- fMg — fai (5.12)

Table 5.1 Models used for Monte Carlo simulations performed by MC X-ray software.

Parameter Model
Total Elastic Cross Sections

Elastic Electron Cross Section Mott (Czyzewski et al., 1990) & Browning (Browning et al.,

1994)
Screening Henoc & Maurice (Henoc & Maurice, 1976)
Elastic Collisions
Electron Energy Loss Bethe (Bethe et al., 1938) & Joy & Luo (Joy & Luo, 1989)
Mean lionization potential Joy & Luo (Joy & Luo, 1989)

Computation of X-rays

Mass Absorption Coefficient Chantler (Chantler, 1995; Chantler, 2000)

Characteristic Cross Section Casnati (Casnati et al., 1982)

Bremsstrahlung Cross Section  Kirkpatrick & Wiedmann (Kirkpatrick & Wiedmann, 1945)

Thus, the relationship between the system composition and the calibrated theoretical f-

ratios was obtained. After finishing all the simulation works, the EDS acquisitions were performed

on the unknown target sample to obtain f,.”, f,7*, and f;>*. And then, the unknown composition

was interpolated by a Python script with the experimental f-ratios.

5.5 Results and Discussion

5.5.1 The f-ratio quantitative analysis on Mgass-Al2s-Zn27 alloy

5.5.1.1 Calibration factors with PE standards

To investigate the influence of the beam current on the PE standard-based calibration
factors, a CFE-SEM (Hitachi SU-8000) and a tungsten emission SEM (Hitachi SU-3500) were

both used. The CFE gun usually has an intrinsic poor beam current stability despite its excellent
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resolution capabilities; while the thermal field emitter generates a more stable current. Figure 5.3
shows the beam currents of the CFE-SEM (Hitachi SU-8000) and the tungsten emission SEM
(Hitachi SU-3500) measured over 160 min, and the results confirm that larger variations (12 vs.

4.5%) and fluctuations are observed with the Hitachi SU-8000.
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Figure 5.3 Time-dependent beam current measured on CFE versus tungsten SEM.

Calibration factors with PE standards (Mg, Al, and Zn) calculated with the two SEMs at
20 kV (Zn K-lines and L-lines) are listed in Table 5.2. When PE standards are used, accurate
measurements of the beam current during the standard acquisitions are required in order to ensure
the corresponding simulation has the same electron dose. Even though Figure 5.3 shows a poor
stability of the CFE beam current in a long period, the acquisition time on each standard is only
around 5 min. Hence, there is no obvious change of the beam current during the acquisitions of
the three standards: the beam current of the Hitachi SU-8000 was around 370 nA, and that of the
SU-3500 was around 470 nA, indicating the beam current can be accurately measured during the

standards acquisitions, even with CFE-SEM.
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Table 5.2 Calibration factors for Mg-Al-Zn system with PE standards at 20 kV.

Instrument Ay Azn-k Azn-i Azn_k Azn-1
Aug Aug Auyg Ay Ay

SU-8000 0.958 0.790 2.419 0.824 2.524

SU-3500 0.964 0.831 2.473 0.863 2.564

Theoretically, all the calibration factors should be equal to 1 if the simulation is accurate

enough. As shown in Table 5.2, :i’ is close to 1, indicating that simulations of Mg K-lines and Al
Mg

K-lines intensities are consistent with the experiments, but calibration factors for Zn L-line data
are far from unity. The challenges of using transition element L-lines in X-ray quantitative analysis
have been well studied (Armstrong & Crispin, 2012; Statham & Holland, 2014). For the
experiments, the L-lines have multiple subshells, thus, the accurate measurement and extraction
of experimental intensities is difficult. Regarding the simulation, the lack of reliable X-ray
generation parameters for L-lines also affects the simulation accuracy. Additionally, the Coster-
Kronig effect, which affects the emission of L-lines, is also not calculated in the MC X-ray

program. All these factors make it more difficult to compute with L-lines than K-lines.
5.5.1.2 The f-ratio quantification

The EDS area spectra at a low magnification (500x) were acquired on the Mgas-Al2s-Zn27
alloy with the two SEMs and quantified by the f-ratio method to investigate the influence of beam
current (the results are listed in Table 5.3). The acquisitions were performed at 20 kV, and the
calibration factors listed in Table 5.2 were used for the calculations. Both Zn K-lines and L-lines
were used, and the results of Zn K-lines are much closer to the reference values. Furthermore, even
though the experimental parameters and the calibration factors vary with the instruments, no

significant difference in the quantification results is observed between the two SEMs. Thus, the
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beam current stability does not influence the quantification results, and the calibration factors

calculated with the respective instrument are necessary.

Table 5.3 Quantification results calculated by the f-ratio methods, 2.

SU-8000 SU-3500
Mg Al Zn Mg Al Zn

4455% + 27.68% + 27.77%+ 4499% + 27.98%+ 27.04% *

0.34% 0.38% 0.04% 0.15% 0.13% 0.28%
20KV (Zn L-lines) 46.25% £ 29.41% + 2434%+ 4596% + 29.82%+ 24.22% *

0.26% 0.31% 0.05% 0.18% 0.15% 0.33%

1. The quantification results are normalized.
2. Reference composition measured by ICP-AES: 44.74 wt.% Mg, 27.76 wt.% Al, and 27.50 wt.%
Zn.

20kV (Zn K-lines)

As mentioned above, the beam current was measured during the acquisitions on the
standards. Different from the traditional k-ratio method, which uses the beam current to correct the
ratio of X-ray intensities between the unknown specimen and the standards, the f-ratio method uses
the beam current to ensure the simulation is performed with the same electron dose as the
experiment. Once the calibration factors are determined, all the quantifications afterwards are
independent of the beam current. Thus, the f-ratio method is suitable for a long-time acquisition

even with an unstable beam current, such as the quantitative X-ray mapping with a CFE-SEM.

The f-ratio quantitative map requires the same computation processes for each pixel in a
map, so a high count-rate or a long acquisition time is necessary for a precise quantification. The
computed f-ratio quantitative maps and the phase map are shown in Figure 5.4. The ¢ phase, ©
phase, and matrix are identified in the phase map. Recent studies show that the ¢ phase and the 1
phase with chemical formulae of Mg21(Al, Zn)i7 and Mgs2(Al, Zn)s9 are the two main ternary
phases in a Mg-Al-Zn system (Bergman et al., 1957; Bourgeois et al., 2001; Montagné & Tillard,
2016). In the two phases, Zn and Al atoms can substitute in the lattice without a fixed
stoichiometric ratio (Feng & Ma, 2007).
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Figure 5.4 The f-ratio quantitative maps and phase map on the Mgass-Al2s-Zn27 sample at 20 kV.
(a) BSE image; (b) phase map processed by Python scripts; and (c) f-ratio standard-based
quantitative X-ray maps.

In order to study the composition of each phase, the quantitative analyses were performed
at a higher magnification. Figure 5.5 shows BSE images of the Mgas-Al2s-Zn27 sample captured
using the Hitachi SU-8000 at 30 kV [Figure 5.5(a)] and 5 kV [Figure 5.5(b)] at an on-screen
magnification of 5kx. The phase circled in red observed at 30 kV becomes invisible at a lower
accelerating voltage (5 kV), revealing a 3D structure formed during casting. Due to the fact that
X-rays have a larger interaction volume than backscatter electrons, when EDS point analyses are
performed at different positions on one phase shown in a BSE image, the collected X-ray counts
may be excited from the phases hidden deeper below the observed ones, and the obtained
compositions may have variations. Thus, a point analysis at a lower voltage is preferred to ensure
a single phase is analyzed. Figure 5.5(c) illustrates the ranges (depth) of the BSE counts and the
emitted characteristic X-ray counts of the three constituent elements at 30 and 5 kV simulated with

the average composition (44.74 wt.% Mg, 27.76 wt.% Al, and 27.50 wt.% Zn). This is only an
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estimation of the interaction volume inside this sample as the real ranges vary with the phase

composition.
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Figure 5.5 BSE images of the Mgass-Al2s-Zn27 sample at 30 kV (a) and 5 kV (b) at a magnification
of 5kx captured by the CFE-SEM Hitachi SU-8000. (c) The ranges (depth) of the BSE counts and
the emitted characteristic X-ray counts at 30 and 5 kV.

As shown in Figure 5.5(b), except for the three phases labeled in the phase map [(Figure
5.4(b)], a Mg-rich phase is also identified at a higher magnification. Table 5.4 lists the
compositions of the four phases quantified with the f-ratio method at 5 kV and the calculated
formulae of the ¢ and z phases. Compared with the ideal chemical formulae, the measured formula
of the ¢ phase shows a good consistency, but a larger difference is observed on the z phase. With

the composition of each phase, the average composition of this sample (areas at a magnification
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of 500x) was calculated coupled with each phase abundance, and the calculation result is displayed
in the last row in Table 5.4. Since the Mg-rich phases are hard to identify at a low magnification,
the calculations of the phase abundance are influenced, and around 5 wt.% error is obtained relative

to the ICP-AES result.

Table 5.4 Compositions of phases in the Mgass-Al2s-Zn27 sample calculated with the f-ratio methods.

Weight Fraction
Phase Mg (%) Al (%) Zn (%)
¢ phase Mg21(Al, Zn)17 4093 19.26 39.81 Mg21(Al, Zn)165
T phase (Mg32(Al, Zn)49) 29.69 24.04 46.27 Mgs2(Al, Zn)42.0
Matrix 4765 32.09 20.26 --
Mg-rich 86.51 6.56 6.93 --

Bulk composition (calculated) 42.60 2529 32.11 -

1. Reference composition measured by ICP-AES: 44.74 wt.% Mg, 27.76 wt.% Al, and 27.50 wt.%
Zn.

Calculated formula

5.5.1.3 Comparisons with other quantitative techniques

In order to validate the f-ratio method, the quantification results were compared with other
quantitative techniques, as shown in Figure 5.6. The labels on the y-axis are the quantification
methods, where “std f-ratio” and “stdless f-ratio” refer to the f-ratio method corrected and not
corrected with the calibration factors; “std EDS” and “stdless EDS” refer to the standard-based
and standardless EDS analyses performed by the software coupled with the respective
spectrometer (INCA for the Hitachi SU-8000 and Aztec for the Hitachi SU-3500); “DTSA-II”
refers to the standard-based k-ratio method performed by DTSA-I1 software. Only spectra acquired
by the Hitachi SU-8000 were analyzed by DTSA-II software, and only Zn K-lines were used for

the analyses. Additionally, the EPMA/WDS results are also shown in Figure 5.6.
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Figure 5.6 Quantification results of the Mgas-Al2s-Zn27 sample.

The reference values are labeled as the red lines in this figure, and the red dash lines
indicate the ranges within a relative error of 5%, which is considered as an acceptable accuracy
for major constituents (Newbury & Ritchie, 2015). From Figure 5.6, it can be concluded that: (1)
the EPMA/WDS provides values close to the references as expected; (2) the two SEMs do not
show significant differences in the f-ratio quantification; (3) the calibrated f-ratio method with

standard samples gives results closer to the reference values compared with the standardless f-ratio,
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indicating the calibration factors can effectively improve the accuracy of this quantification

method.

5.5.2 Line scan analyses on Mg-Al-Zn diffusion alloy

5.5.2.1 Calibration factors

As global analyses of the Mgas-Al2s-Zn27 sample produce a consistent composition, this
sample was used as a standard to calculate the calibration factors. It is a risk to acquire an area
spectrum on a multiphase sample as a standard spectrum since the ZAF factors vary with the phase
composition. The right way to calculate the X-ray emission is to sum the contribution of the ZAF
factors at each phase. However, the abundances of phases are difficult to accurately calculate at a
low magnification, which would introduce more errors into the calculation. According to the
previous discussions, the average bulk composition of the Mgas-Al2s-Zn27 alloy was calculated
with area spectra, as listed in Table 5.3, and was also calculated with the composition and
abundance of each phase, as listed in the last row in Table 5.4, but the former results are closer to
the reference values. Thus, area spectra were acquired on this alloy to estimate the overall X-ray

emission and calculate the calibration factors.

In order to validate the use of the Mgss-Al2s-Zn27 sample as a standard, Table 5.5 compares
the calibration factors calculated with this sample and the PE standards at 5 and 20 kV. Based on
equations (5.2) and (5.6), the ratio of the PE-standard-based calibration factors of two elements
should be theoretically equal to their compound-standard-based calibration factor, as equation

(5.13):
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Ap
Ag

= Ap-p (5.13)

As shown in Table 5.5, the results calculated with the two types of standards are very similar, but
there are still tiny differences which may be caused by the heterogeneity of the Mgas-Al2s-Zn27
sample. The f-ratio quantification results with the two types of standards will be discussed in the
next section. Regarding the influence of the beam energy, Ay ,—4; at5 kV is closer to 1 for the two
types of standards. However, the calibration factors of Zn L-lines are significantly different from

unity for both accelerating voltages.

Table 5.5 Calibration factors for the Mg-Al-Zn system.

Mgas-Al2s-Zn27 standard

AM Al AMq—Zn AAl—Zn
g AMg—ZnK AMq—ZnL AAl—ZnK AAl—ZTlL
5 kV 0.972 -- 2.692 -- 2.771
20 kV 0.937 0.769 2.257 0.820 2.409
PE standards

AAl AZn—K AZn—L AZn—K AZn—L

Amg Amg Aug Ay Ay
5 kV 0.988 -- 2.726 -- 2.759
20 kV 0.958 0.790 2.419 0.824 2.524

In order to further explore the interactions between the three elements, the ZAF factors in
the Mgass-Al2s-Zn27 alloy were calculated by DTSA-11 software with the PE standards at 5 and 20

kV using the following equation (Ritchie, 2011b), as listed in Table 5.6.

_ (ZAPun
AT (2aF)sq A

(5.14)

Comparing the A-factors of Al Ka and Mg Ka, a larger amount of Al Ka. radiation was absorbed
in the specimen. According to the calculation of Ay,_, [equation (5.9)], either the
underestimation of I,f,,’; or the overestimation of It can cause Apg-a; 1o be smaller than 1.
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Regarding the F-factors of Mg Ka., additional 0.5% of Mg Ko radiation at 20 kV and 0.3% at 5
kV were produced by the fluorescence effect, which was not calculated in the MC X-ray program,
resulting in the underestimation of I,f,,’;]. Additionally, since I,ﬁ,’fq was underestimated more at the

higher accelerating voltage, a larger divergence of Ay ,_,; from unity is observed at 20 kV.

Table 5.6 ZAF factors of Mgas-Al2s-Zn27 sample calculated by DTSA-II software.

Mg Ka-line Al Ka-line Zn Ka-lines Zn La-lines
Mg Awmg Fwmg Zal Aal Fai Zzn Azn Fzn Zzn Azn Fzn
5kv 1.082 0.889 1.003 1.039 0.843 1.000 -- - -- 0828 1.050 1.006
20 KV 1.056 0.402 1.005 1.019 0.274 1.000 0.862 1.003 1.000 -- - -
1.056 0.421 1.005 1.019 0.288 1.000  -- -- - 0.886 1.282 1.011

As shown in Table 5.6, the F-factors of the most characteristic X-ray lines are very close
to 1.0, except for Zn La at 20 kV with an effect of 1.1% (Fzn = 1.011). The L-ionization edges of
Zn range from 1.034 to 1.208 keV, which are slightly lower than the energy of Mg Ka (1.253
keV). Thus, Mg K-lines were absorbed by the Zn atom, and an additional amount of Zn L-lines
counts was produced by the fluorescence effect. Thus, Zn K-lines are preferred when both K-lines

and L-lines are available for calculation.

5.5.2.2 Quantification results

A line scan analysis across the Mg-Al-Zn ternary phases [Figure 5.7(a) and 5.7(b)] on the
diffusion alloy was performed at 20 kV. The f-ratio quantification results calibrated by the PE
standards and the Mgas-Al2s-Zn27 alloy are both shown in Figure 5.7(c) (Zn K-lines were used).
The two types of standards produced very similar results. Three distinct phases are observed based
on the compositional contrast in the BSE images and the quantification results: one ¢ phase

[Mg21(Al, Zn)17] and two 7 phases [Mgs2(Al, Zn)4s]. The interaction volume of X-ray counts is
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around 3 pum with the compositions shown in Figure 5.7(c) at 20 kV, so smooth compositional

variations are observed near the interfaces.
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Figure 5.7 Line scan analysis on the diffusion Mg-Al-Zn alloy with the f-ratio method at 20 kV.
(a) BSE image; (b) enlarged BSE image of the framed area in (a); and (c) weight fractions of Mg,
Al, and Zn calculated with the PE standards and the alloy standard. The differences between the
two sets of calculations are also shown.

The net differences between the two sets of calculations are also shown in Figure 5.7(c).
Differences less than 4 wt.% are observed between the calculations with the two types of standards,
and the large differences mainly concentrate at phase interfaces. At the phase boundary, the X-ray

absorption cannot be correctly calculated, this thus leads to an inaccurate simulation. Also, the

interface may not be flat enough and the X-ray counts collection could be affected. Except for the
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exceptions at the interfaces, the general differences fall within 1 wt.%, indicating that both the PE

standards and the alloy standard can be used to calibrate the simulated f-ratios.

In order to validate the f-ratio method at different accelerating voltages, the line scan
analysis was also performed at 5 kV at the same region. The previous study has reported that a
beam-energy-dependent calibration factor provides a higher f-ratio quantification accuracy than a
constant one (Horny et al., 2010), so the respective calibration factors at 5 kV (listed in Table 5.5)
were used. Figure 5.8 compares the f-ratio quantification results (with the PE standards and with
the alloy standard) at different accelerating voltages (5 and 20 kV) and with different X-ray lines
(Zn K-lines and Zn L-lines), and the result of Zn K-lines at 20 kV was considered as the reference
composition. Except for the f-ratio method, the same comparisons of the EDS standardless analysis
and the standard-based k-ratio method performed by DTSA-II software are also shown in this

figure.

Regarding the quantifications at different accelerating voltages, differences within 2 wt.%
are observed for the f-ratio method [black columns in Figures 5.8(b) and 5.8(c)] and DTSA-II
software [black columns in Figure 5.8(d)], which are relatively smaller than the standardless
analysis [black columns in Figure 5.8(a)]. Regarding the results calculated with Zn K-lines and L-
lines at 20 kV (red columns in Figure 5.8), differences within 1 wt.% are observed for all the
quantitative techniques. It can be concluded that the f-ratio method and DTSA-11 software have a
better consistency with different X-ray lines at various accelerating voltages relative to the EDS

standardless analysis.
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Figure 5.8 Comparisons of the quantification results on the Mg-Al-Zn diffusion alloy at 5 kV
(black bars) and 20 kV (red bars). (a) The EDS standardless analysis; (b) the f-ratio method
calibrated with the PE standards; (c) the f-ratio method calibrated with the alloy standard; and (d)
the standard-based k-ratio method performed by DTSA-II software.

Figure 5.9 shows the comparisons between the different quantification techniques to study
the accuracy of the f-ratio method, where the DTSA-II results were considered as the reference
values at 5 and 20 kV respectively. Differences within 2 wt.% are observed at 5 kV and within 1
wt.% at 20 kV between the f-ratio method and DTSA-II. In contrast, larger differences are observed

for the EDS standardless analysis versus the DTSA-II results. Thus, the f-ratio method and the

DTSA-I1 software can produce similar quantification results at different accelerating voltages.

Compared with the routine EDS standardless analysis, the f-ratio method is a type of
standard-based computation and exhibits a better accuracy over the range of the used accelerating
voltages. Compared to the standard-based k-ratio method, the f-ratio method only needs standards

to calibrate the differences between experiments and simulations. If calibration factors are already
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determined for an instrument at a certain accelerating voltage, standard samples are no longer
required. Thus, a database incorporating all the elements can be built for a set of instruments, and

the standard-based quantification can be achieved without a real standard.
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Figure 5.9 Comparisons of the quantification results between different techniques with DTSA-II
on the Mg-Al-Zn diffusion alloy at 5 kV (black bars) and 20 kV (red bars). (a) EDS standardless
analysis; (b) the f-ratio method calibrated with the PE standards; and (c) the f-ratio method

calibrated with the alloy standard.

5.6 Conclusion

The f-ratio method is an effective and efficient approach to perform standard-based
quantitative analyses on multi-element systems. It combines EDS experiments and Monte Carlo
simulations, and calibration factors are required to evaluate the differences between them. The
beam-energy-dependent calibration factors, which need to be determined for each instrument, can
effectively improve the f-ratio quantification accuracy. When elements L-lines and K-lines are

both available for the analysis, K-lines are preferred due to the inaccurate simulations and multiple
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subshells of L-lines. PEs and compounds can be both used as standards. When PE standards are
used, the beam current needs to be correctly measured. However, no obvious influences of the
beam current stability are observed on the f-ratio quantification results, indicating that the f-ratio
method can be applied to any type of electron microscope. This feature is typically beneficial for

quantitative X-ray mapping with a long-time acquisition or an unstable beam current.
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Chapter 6

The f-ratio Quantification Method Applied to Standard

Minerals with a Cold Field Emission SEM/EDS

In Chapter 5, the PE-standard-based f-ratio quantification method was applied to Mg-Al-
Zn systems. However, as a new quantification method, it still requires extensive validations to be
performed in more complex systems. In this chapter, the f-ratio method was performed on three
standard mineral specimens [kyanite (Al2SiOs), albite (NaAlSizOs), and orthoclase (KAISizOs)],
and the option of standards was extended to any standard specimen containing the target elements.
The impacts of the beam energy and standard composition on the quantification results are

investigated.
e This chapter has been published as: Teng, C.*, Yuan, Y. & Gauvin, R. (2019). The f-ratio

Quantification Method Applied to Standard Minerals with a Cold Field Emission
SEM/EDS. Talanta 204, 213-223. doi:10.1016/j.talanta.2019.05.107.
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6.1 Abstract

The f-ratio method is a standard-based quantification method which was originally
developed based on a cold field emission scanning electron microscope/energy dispersive
spectroscopy (CFE-SEM/EDS) system. It incorporates traditional EDS experiments and Monte
Carlo simulations, and standards with known compositions are needed to calibrate the differences
between them. However, as a new quantification method, the f-ratio method still requires extensive
validations to be performed in different systems. In this study, the f-ratio method was used to
analyze three certified minerals: kyanite (Al2SiOs), albite (NaAISiszOs) and orthoclase (KAISisOs),
and the option of standards was extended to any standard specimen containing the target elements.
The effects of standards and beam energies on the calibration factors and the quantification results
were discussed, and no significant influence was observed. The quantification results were also
compared with the conventional standardless analysis and the standard-based k-ratio method, and
the results show the f-ratio method is capable to achieve both the merits of a satisfactory accuracy

and simple experimental procedures.

115



6.2 Introduction

The scanning electron microscope/energy dispersive spectroscopy (SEM/EDS) system is
popular for X-ray microanalysis due to its simple and fast operation. The EDS quantitative analysis
performed with the standard-based k-ratio method (Castaing, 1951) is capable to reach the
comparable accuracy and precision with the wavelength dispersive spectrometry (WDS) (Ritchie
et al., 2012). In order to eliminate the needs of real standards and measurements of electron dose,
the standardless analysis has emerged, but the trade-off is the quantification accuracy (Newbury
et al., 1995; Newbury & Ritchie, 2013b). Under these circumstances, the f-ratio method, which
combines both the merits of simple experimental procedures and an improved accuracy, was
developed as an alternative to the traditional standard-based k-ratio method (Horny et al., 2010;

Teng et al., 2019).

One distinctive feature of the f-ratio method is it combines the conventional EDS
acquisition and the Monte Carlo simulation. Equation (6.1) shows the definition of the f-ratio with

the experimental characteristic X-ray intensities (Ifxp) or the theoretically simulated intensities

(If™) in a multi-element system:

exp th
I; !

(6.1)

| — % ,exp —
Je = S S e

where A;_; represents the calibration factor between any two elements, which is calculated with a
standard having the known composition. This method was firstly applied to a set of binary Cu-Au
alloys [SRM 482, from National Institute of Standards and Technology (NIST) standards mounted
by Geller MicroAnalytical Laboratory Inc., Boston, MA, USA], using a 60 wt.% Cu - 40 wt.% Au

alloy as the standard (Horny et al., 2010). The use of a compound standard containing all the target
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elements enables the whole quantification process to be independent of the beam current, but such
a proper standard becomes difficult to find when the number of constituent elements increases.
And then, the use of pure-element (PE) standards was investigated in the ternary Mg-Al-Zn
systems, and a good consistency is obtained between the PE-standard-based quantification results
and the compound-standard-based (Teng et al., 2019). So far, the limited applications of the f-ratio
method all give a satisfactory accuracy less than 5 % with beam-energy-dependent calibration

factors (Horny et al., 2010; Teng et al., 2019).

However, as a new quantification method, the f-ratio method still requires extensive
validations to be performed in more complex systems. In this study, this method was performed
on three standard mineral specimens [kyanite (Al2SiOs), albite (NaAlSisOs), and orthoclase
(KAISiz0s)], and the option of standards was extended to any standard specimen containing the
target elements. The quantification results were discussed in terms of the standards compositions
and the accelerating voltages, and were compared with those of the conventional standardless

analysis and the standard-based k-ratio method.

6.3 Materials and Experimental Methods

6.3.1 Specimens

The certified compositions of the standard mineral specimens: kyanite (Al2SiOs), albite

(NaAlISiz0s) and orthoclase (KAISizOs) (Geller MicroAnalytical Laboratory Inc., Boston, MA,
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USA) are listed in Table 6.1. Even though the orthoclase has a theoretical formula of KAISi3Os, a
trace element Na (~ 2 wt.%) was detected in this specimen. Table 6.2 lists the standards used for

the standard-based k-ratio and f-ratio quantitative analyses of the above three specimens.

Table 6.1 Reference compositions of the specimens studied in this work.

Weight Fraction
O] Na Al Si K
Al2SiOs  0.4937 -- 0.333 0.1733 --

NaAlSisOs 0.4876 0.0876 0.1027 0.3207 --
KAISizOs 0.4626 0.0195 0.0990 0.3035 0.1061

Table 6.2 Standards used for the k-ratio and the f-ratio analyses.

The k-ratio method The f-ratio method
Na Al Si K Na Al Si K
-- Pure Alb  Pure Sib --
. _ -- NaAlSi3Osga --
Al2SiOsa -- Pure Alb  Pure Sib -- _ K AlSizOsa -
- CaAl2Si20sa --
NaFa Pure Alb  Pure Sib --
] NaFa Al2SiOsa -
NaAlSisOsa NaFa - - - NaFa KAISi30sa -

NaFa CaAl2Si20sa -
NaFa Pure Alo Pure Sio  KCla
NaFa Al2SiOsa KCla
KAISi30sa -- -- -- KCla NaAlSiz0Osa KCla
NaFa NaAlSizOsa KCla
NaFa CaAl2Si20sa KCla
a. from Geller MicroAnalytical Laboratory Inc., Boston, MA, USA
b. from SPI Supplies Inc., West Chester, PA, USA

6.3.2 SEM/EDS characterization

The observation was performed with a Hitachi SU-8000 CFE-SEM (Hitachi High-
Technologies, Rexdale, ON, Canada), and the EDS X-ray microanalysis was performed using an

80 mm2 silicon drift detector (Oxford Instruments, Abingdon, Oxfordshire, UK) controlled by an
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INCA software (version 4.15) (Oxford Instruments, Abingdon, Oxfordshire, UK). 10 EDS point-
acquisitions with a live time of 300 s at 10 kV, 15 kV, and 20 kV, and 200 s at 25 kV and 30 kV
were performend on each specimen. The INCA software was calibrated before the acuquisitions
at each beam energy in order to correctly measure the X-ray intensities. The spectrum acquisitions
were performed 3 hours after the flashing to obtain a relatively stable beam current. The beam
current was measured by a Faraday cup with a NanoPico picoammeter (Hitachi High-Technologies,
Rexdale, ON, Canada) before and after each point acquisition and the average value is used to
estimate the electron dose during the whole acquisition. The applied quantification techniques
include the f-ratio method, the standardless and standard-based analysis performed by the INCA
software (version 4.15) attached with the spectrometer, and the standard-based k-ratio method
performed by the DTSA-II software (version Jupiter 2017-11-06) (Ritchie, 2011a; 2011b). For all

the standard-based analyses, the concentrations of O were calculated by stoichiometry.

6.3.3 The f-ratio method

The f-ratio method couples traditional EDS experiments and Monte Carlo simulations
using a calibration factor, which is computed through performing the experiments and simulations

on a standard with known composition. Equation (6.2) shows a binary standard as an example:

exp Jth

exp _ Iy — A 6.2
fa " = = th (6.2)
A L 1§ +24_plIf

where I;*F and I;? are the experimentally measured characteristic X-ray intensities, and ;"

and 1§ are the theoretically simulated ones. Thus, the calibration factor can be determined as:
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1h 1P

Ap_p = 1 1P (6.3)

Since I,*P and 1P are from one spectrum, as well as 15" and I£", the calibration factor is
independent of the beam current. However, when PE standards are used for the two elements, the

calibration factor should be calculated for each element respectively:

exp

1
Ay = Ath (6.4)

Iy

And thus, equations (6.2) and (6.3) should be rewritten as:

exp th th
A — "exp , . exp — th th — A '
Iy~ +lg Aaly +Aplg Iﬁh+ﬁ1§h
exp
IBh
_ Ap _ Ij
AA—B,PE - /1_ — exp (66)
A
th
Ia

In equation (6.6), I;"* and 15" (15" and I§") are not from the same spectrum, so the beam
current and the acquisition time should be measured during their acquisitions, aiming to ensure
I;*P and If" (12" and I5") have the same electron dose (Teng et al., 2019). In this study, the choice
of standards is not limited to a compound standard or PE standards (as shown in Table 6.2) but
extended to any combination of separate standards containing the target elements. In this case, the

calculation procedures are similar with those using PE standards.

In this study, the MC X-ray program (version 1.6.4) (Guavin & Michaud, 2009) and the
DTSA-I1 software (version Jupiter 2017-11-06) (Ritchie, 2009; 2011a) were both used to perform

the simulations of the standards to calculate the calibration factors. The settings of the detector
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models in the two programs were different: for the MC X-ray, most of the detector parameters
were the default settings as it was originally designed for the SEM used in this work; but for the
DTSA-II, a user-defined detector model was associated by importing a real EDS spectrum
acquired by the simulated detector (Ritchie, 2009). Regarding the simulations on the X-ray
generation and emission, the models used in the two techniques are listed in Table 6.3, and more

details of the simulations can be found in the references (Guavin, 2005; Ritchie, 2009).

Table 6.3 Models for X-ray emission in the MC X-ray and the DTSA-II programs.

MC X-ray DTSA-II
E:)escstron Energy Bethe (Bethe et al., 1938) Bethe (Bethe et al., 1938)
Mean loniz210n oy & Luo (Joy & Luo, 1989) Joy & Luo (Joy & Luo, 1989)
Electron Cross Mott (Czyzewski et al., 1990) & QIST Iélect_ron dEIasbtlc-Scatte_r Ing
Section Browning (Browning et al., 1994) ross-Section database (version
’ 4.0) (Powell et al., 2016)
Mass Absorption

Chantler (Chantler, 1995; 2000) Chantler (Chantler, 1995; 2000)

Characteristic X- . i Bote & Salvat (Bote & Salvat,
ray Cross Section Casnati (Casnati et al., 1982) 2008)

Bremsstrahlung X-  Kirkpatrick & Wiedman Seltzer & Berger (Seltzer &
ray Cross Section (Kirkpatrick & Wiedmann, 1945) Berger, 1986)

Coefficients

The f-ratio quantification works by performing simulations on the target system to build
the relationship between the system composition and its elemental f-ratios. In this study, the
simulations of the O-Al-Si, O-Na-Al-Si, and O-Na-Al-Si-K systems were performed with the MC
X-ray program to apply the f-ratio analyses on the kyanite, albite, and orthoclase specimens,
respectively. A Python script was used to execute the simulations, which involves changing the
target composition, setting the simulation condition (e.g., physical models for the X-ray emission,
microscope parameters, etc.), and collecting the simulated intensities. The step size of the

compositional change in the simulation determines the precision of the quantification results, but
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also affects the simulation efficiency. In this study, the step size was set at 2 at.% for the O-Al-Si

system and 5 at.% for the O-Na-Al-Si and the O-Na-Al-Si-K systems.

After the simulations, the theoretical f-ratios were calibrated with the calibration factors

calculated by the MC X-ray program. Taking the f-ratios in the O-Al-Si system as examples:

I
far = ALK (6.7)

Layk+Aai-silsix+Aai-olox

foi = SR (6.8)

Isik+Asi-alaik+Asi—olok

I I
fo = — = —K =1—=fu—fsi (6.9)

" Iok+Ao-alaik +ho-silsik Io g+ 141K+ Isik
A0 Agsi—o °"

However, when pure Al and pure Si were used as standards, only A4;_g; was calculated as there

was no standard used for O. Thus, only f,; and fs; were calibrated as in a binary system:

fo = —Ak__ (6.10)

La+Aar-silsi

Isi, Isi,
fsi = =K = K =1-fa (6-11)

- - 1
Isig+Asi-alalk  Isig+ y lalk
Al-Si

Similar computations were also performed on the O-Na-Al-Si and the O-Na-Al-Si-K systems, and
the K-line X-ray intensities of the constituent elements were used. Due to the poor energy
resolution in an EDS spectrum, the calculation employed the sum radiation of the K-shell (e.g.,

1,4,  represents the sum intensities of Ko and Kf) to avoid errors introduced by deconvolution.

In this way, the system compositions are associated with the calibrated f-ratios, and this

relation could be used to find the composition of the unknown specimen. To obtain the
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quantification results, the experimental f-ratios of the target specimens were measured by routine
EDS acquisitions, and the corresponding compositions were interpolated by a Python script. The
experimental procedure is the same as a standardless analysis without a need to measure the beam

current.

6.4 Results

6.4.1 Quantification on the kyanite specimen (Al2SiOs)

In order to perform the f-ratio quantitative analysis on the kyanite specimen (Al2SiOs), the
O-Al-Si system was calibrated with the calibration factors of Ay;_g;, Agi—0, and Ag;_o. The PE
standards (pure Al and pure Si) and the compound standards [kyanite (Al2SiOs), albite
(NaAlSi30s), orthoclase (KAISizOs), and anorthite (CaAl2Si20s)] were used to compute the
calibration factors, and calculation results are illustrated in Figure 6.1 [(a) Ag;—g;, (B) Ag;—p, and
(c) Agi—o]- The computations were conducted at the accelerating voltages of 10 kV, 15 kV, 20 kV,
25 kV, and 30 kV (represented by the color dots), and simulations were performed with the MC
X-ray (top graphs) and DTSA-II (middle graphs) programs. The bottom graphs illustrate the

average differences between the calibration factors computed with the two programs.

As shown in Figure 6.1, the calibration factors are composition-dependent. The NaAISizOs
and the KAISizOs have the same atomic fractions of the three target elements, so the similar factors

were calculated with them, especially for A4;_s;. Regarding the beam energy effect, the calibration
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factors calculated with the PE standards have a poorer stability on the beam energy compared with
the other compound standards [Figure 6.1(a)]. For the differences between the MC X-ray and the
DTSA-II programs, Ay4;_g; fluctuate around O with all standards, indicating a good consistency
between the two programs, but wide gaps are observed on calibrating O K-line intensity, revealing

the issues in the simulations of O radiation.
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Figure 6.1 Calibration factors in the O-Al-Si system. (a) Ay;_s;; (0) Ag;—0; and (C) Ag;_p.

With the related calibration factors, the simulated X-ray intensities in the O-Al-Si system
were calibrated at the corresponding beam energy, and the quantification results of the kyanite
specimen are shown in Figure 6.2. Except for the f-ratio method with different standards, the results
of standardless (labelled as EDS stdless) and standard-based (labelled as EDS std) EDS analyses

performed by the INCA software, and the standard-based k-ratio method performed by the DTSA-
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Il software (labelled as DTSA-II) are also shown in this figure. The black solid lines indicate the
reference concentrations of the three elements, and the dashed squares indicate the ranges within
a relative error of + 5 %, which is considered as the acceptable accuracy for major constituents

(Newbury & Ritchie, 2015).
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Figure 6.2 Quantification results of the kyanite specimen with the beam-energy-dependent
calibration factors.

The quantification results confirm that the standard-based analysis, including both the k-
ratio method and the f-ratio method, can provide a higher accuracy vs. the standardless analysis.
Regarding the f-ratio method, even though the calibration factors vary with the standard

composition, the quantification results are little influenced by standards. Since the beam-energy-
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dependent calibration factors are used, there is no obvious beam energy effect on the quantification

results.

However, Figure 6.1 shows that the calibration factors do not significantly vary with the
beam energy in most cases, so the average value at all the beam energies was calculated for each
standard. The f-ratio quantification results with the constant factors are illustrated in Figure 6.3.
As shown in this figure, except for the PE-standard-based computations (red dots), other
quantification results all have a satisfactory accuracy. However, the PE-standard-based
computation is a special case where the O-related calibration factors are missing, which causes the

system not fully calibrated.
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Figure 6.3 Quantification results of the kyanite specimen with the constant calibration factors.
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6.4.2 Quantification on the albite specimen (NaAlSizOs)

In order to perform the f-ratio quantitative analysis on the albite specimen (NaAlSizOs),
the calibration factors in the O-Na-Al-Si system were calculated. The Na-related calibration factors
are shown in Figure 6.4, including Ayg—4; (@), Ayg—s; (b), and Ay,—o(c). All the standards used
to calibrate the O-Al-Si system in the previous section were also used here to calibrate the three
elements, and a standard NaF specimen was used for Na. In order to investigate the influence of
the standard type, the NaAISizOs was also considered as a compound standard to calculate the Na-

related calibration factors, and the results are shown in Figure 6.4(d).
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Figure 6.4 Na-related calibration factors in the O-Na-Al-Si system. (a) - (c) Separate standards for
Ana-a1 @), Ayg—si (B), and Ay,—o (€); and (d) a compound standard for all Na-related factors.

As shown in Figure 6.4, the calibration factors are dependent on the standard composition

and the beam energy. Comparing the same factors calculated with the separate standards [Figures
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6.4(a) - 6.4(c)] and the compound standard Figure 6.4(d), the compound-standard-based
calibration factors have a better stability over the range of the beam energies applied (all the graphs
are illustrated with the same y-scale). Regarding the comparisons between the MC X-ray and the

DTSA-II programs, the largest differences also occur at the O K-line intensity calibration.
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Figure 6.5 Quantification results of the albite specimen with the beam-energy-dependent
calibration factors.

With the calibration factors, the intensities simulated in the O-Na-Al-Si system were
calibrated, and the f-ratio analyses were performed on the albite specimen. Figure 6.5 shows the f-
ratio results computed with the beam-energy-dependent calibration factors, and Figure 6.6 shows
the results computed with a constant calibration factor for each standard. As the reference

concentrations of Na and Al are below or around 10 wt.%, their acceptable accuracy is considered
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as + 10 %, but that of O and Si is still £5 % (Newbury & Ritchie, 2015). As shown in the two

figures, either with the beam-energy-dependent calibration factors (Figure 6.5) or the constant ones

(Figure 6.6), most of the f-ratio results fall into the acceptable range, except for the cases when no

standard was used for O (red dots in the two figures).
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Figure 6.6 Quantification results of the albite specimen with the constant calibration factors.

6.4.3 Quantification on the orthoclase specimen (KAISizOs)

To perform the f-ratio quantification method on the orthoclase specimen, the simulated

intensities in the O-Na-Al-Si-K system were calibrated with the relevant calibration factors. All

the standards used to calibrate the O-Al-Si system in the previous sections were also used here to
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calibrate the three elements, NaF and NaAlISisOs were used for Na, and a standard KCI specimen
was used for K. The calculation results of the K-related calibration factors are shown in Figure 6.7,
including Ag_4; (), Ag—si (D), Ax—o (C), and Ay,—k (d), which again confirm that the calibration
factors are influenced by the standard composition and the beam energy. Additionally, the MC X-

ray and the DTSA-II programs have different performances on calibrating O K-line intensity.
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Figure 6.7 K-related calibration factors in the O-Na-Al-Si-K system. (a) Ag_4;; (b) Ag—g;i; (€)
Ag_o;and (d) Ayg_g-

With different combinations of the standards, the f-ratio quantification results of the
orthoclase specimen are shown in Figure 6.8 (with the beam-energy-dependent calibration factors)
and Figure 6.9 (with the constant calibration factors). Even though the NaAlSisOs and the NaF
generated similar results of Ay,_x [Figure 6.7(d)], the NaF was used as the main standard due to

its simpler chemical composition. As the reference concentrations of Na, Al, and K are below or
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around 10 wt.%, their acceptable accuracy is considered as + 10 %, but those of O and Si are still

+5 %.
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Figure 6.8 Quantification results of the orthoclase specimen with the beam-energy-dependent
calibration factors.

As shown in Figure 6.8, all the standard-based quantitative analyses have a higher accuracy
vs. the standardless analysis. Regarding the f-ratio results computed with the beam-energy-
dependent calibration factors, most of them have the acceptable accuracy, except for the cases
where no standard was used for O (red dots). The f-ratio analyses of the albite specimen also have
the similar issue, but such an issue does not occur in the analyses of the kyanite, which triggers the
speculation that the complexity of the target system will influence the guantification accuracy.
Additionally, regarding the f-ratio analyses with the constant calibration factors (Figure 6.9), the

beam energy effect is more significant than that on the other two simpler specimens. The overall
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deviations from the accurate ranges of Na at 15 kV and 20 kV, Al at 10 kV, and K at 10 kV are

observed.
0.50 0.023 0.13
0.49 . 0.022 4
--------- B bk L e i | 0.12 4 .
P ” 1 0.0214 ! {" i H
o481, i I§ |
[ . i 0.0204 ! 3 f [ |3
o 0.47 4 :' o= L3 : ‘: 20-11 r: ...................... -
. H
‘;046 : a L] : ';OAOIQ- E i TE E : . .:
g 1 .
| O H LT R ST | R e —
0451 | , . : 00174 ¥ ¥ | . . .
1 (] i o 0099 Lmccce e e e J
044 bomccmm e — === L m—— J 0.016 4
0.43 1— y ; ; 2 0.015 1 — y y v Na 0.08 L— . . . Al
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
Beam energy (keV) Beam energy (keV) Beam energy (keV)
0.33 0.14
]
L] .
0329 e A 0139 | : ‘
(™ i § f-ratio AI&SI&NaF&KCI
' ' H . . }  feratio Al2Si05&NaF&KCI
e ! o 0127 8 3 } fratio NaAISI308&KCI
o ' . ! s [ s T f-ratio NaAISi308&NaF&KCI
H + bl ) )
0.30 4 E . a 3 E 0.11 4 : : : ¥ f-ratio CaAISi208&NaF&KCI
. L L - al
e . i : ' .
0294 L* : 4 0104 ! " !
---------------- e 1 L] 1
R ————— aJd
0.28 — . . . Si 0.09 1 — . . , K
10 15 20 25 30 10 15 20 25 30
Beam energy (keV) Beam energy (keV)

Figure 6.9 Quantification results of the orthoclase specimen with the constant calibration factors.

6.5 Discussion

6.5.1 Calibration factors

The computation of the calibration factors is a crucial step to perform an accurate f-ratio
quantification. In this work, the effects of the standard type on the calibration factors were studied,

and the standard option was extended to any combination of separate standards which contain the
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target elements. When a compound standard was used, e.g., in Figure 6.1 where Al2SiOs,
NaAlSizOs, KAISizOs, and CaAl2Si20s were used to calculate the calibration factors in the O-Al-
Si system, and in Figure 6.4(d) where NaAISisOs was used to calculate the Na-related factors, the
beam current effects were eliminated. However, when several separate standards were used, the

electron dose was still required to be measured during their experimental acquisitions.

The reasons for the dependence of the calibration factors on the standard composition and
the beam energy can be both attributed to the inaccurate calculations of the mass absorption
coefficients. Regarding the composition-dependence, it is also an issue in the standard-based k-
ratio method, which prefers to use the standards having similar chemical constituents with the
target specimen to achieve a more accurate quantification (Ritchie et al., 2012). However, in the f-
ratio method, it is difficult to predict the effects of an individual calibration factor on the final
quantification results, as multiple calibration factors are used to calibrate the target system
intensities. Regarding the beam-energy-dependence, a compound-standard-based calibration
factor has a better stability on the accelerating voltages than a separate-standard-based one,
according to the comparisons of Ay;_g; illustrated in Figure 6.1(a), and the Na-related calibration
factors shown in Figure 6.4. However, the poor stability of the separated standards may also result
from the unstable beam current of the cold field emission, which makes it difficult to keep the

electron dose exactly the same for the simulations and experiments.

The calibration factors computed by the MC X-ray and the DTSA-II programs are
compared, and their differences can be explained by the applied models for simulating X-ray
emission and detection. Regarding the X-ray emission, the MC X-ray and the DTSA-II programs

used the Casnati equation (Casnati et al., 1982) and the Bote-Salvat equation (Bote & Salvat, 2008)
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to compute the X-ray cross section, respectively. The two models have been thoroughly compared
in Gauvin’s work (Gauvin, 2012), but determining their relative accuracy is still difficult due to
the huge uncertainties in the related experimental measurements. Additionally, the MC X-ray
program does not incorporate the secondary fluorescence into the X-ray emission simulation as it
is negligible in most analytical cases, but it is calculated in the DTSA-II simulations (Ritchie,
2017). Regarding the X-ray detection, the window type used in the simulations decides the
function of the detector efficiency on the photon energy (Goldstein et al., 2017). The window
model used in the DTSA-I1I software was Moxtek AP 3.3, but the detector efficiency in the MC X-
ray program was calculated by manually setting the window layers and accumulating the
contribution of absorption from each layer. However, some basic parameters (e.g., the thickness
of the window) are difficult to be accurately measured. Thus, the calibration factor is strongly

dependent on the applied instruments and the simulation settings.

Theoretically, a calibration factor should equal 1 if the simulation and the experiment have
a good consistency, but divergences from unity are observed, especially for the O-related factors
calculated by the DTSA-II. Inaccurate calculations of the detector efficiency for low energy X-ray
lines and the poor knowledge of fluorescence yield both influence the computations of the
theoretical O K-line intensity (Newbury, 2002; Ritchie, 2009). Table 6.4 lists the proportions of O
radiations generated by the fluorescence effect (the characteristic fluorescence and bremsstrahlung
fluorescence) in all the O-contained specimens at different accelerating voltages, which were
calculated with the DTSA-II software. As shown in this table, the fluorescence effect becomes
stronger with increasing the beam energy, but the maximum amount of O K-line intensity excited
by it is still below 0.3 %. Thus, the fluorescence effect on the calibration factors is very small, and

the detector efficiency plays a more important role on simulating O radiations.
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Table 6.4 The proportions of O K-line radiations generated by secondary fluorescence.

Characteristic Fluorescence Bremsstrahlung Fluorescence
10kv 15kVv 20kVv 25kV 30kV 10kv 15kv 20kV 25kV 30kV
Al2SiOs 0.06% 0.10% 0.14% 0.18% 0.21% 0.04% 0.04% 0.04% 0.05% 0.05%
NaAlSisOs  0.07% 0.11% 0.15% 0.18% 0.19% 0.04% 0.04% 0.04% 0.05% 0.05%
KAISisOs 0.04% 0.08% 0.11% 0.14% 0.16% 0.04% 0.04% 0.04% 0.05% 0.05%
CaAl2Si20s  0.04% 0.07% 0.10% 0.12% 0.14% 0.04% 0.04% 0.04% 0.05% 0.05%

6.5.2 Quantification results

Regarding the standard influences on the f-ratio quantification results, the standard type
plays a more significant role compared with the standard composition. The difference between a
compound standard and a combination of separate standards is the need to measure the beam
current, whose variations may introduce errors into the quantification results. Among the three
analyzed specimens, only the analyses of the kyanite employed the compound standards, and all
the relevant quantification results have the acceptable accuracy, either with the beam-energy-

dependent calibration factors (Figure 6.2) or with the constant ones (Figure 6.3).

Among the combinations of separate standards, there is one special case when no standard
was used for calibrating O intensity, such as when the pure Al, the pure Si were used for the kyanite
(red dots in Figures 6.2 and 6.3), when the pure Al, the pure Si, and the NaF were used for the
albite (red dots in Figures 6.5 and 6.6), and when the pure Al, the pure Si, the NaF and the KCI
were used for the orthoclase (red dots in Figures 6.8 and 6.9). It is common not to use a standard
for O in the standard-based k-ratio method as the experimental measurement of O K-line intensity
is still problematic, but most of the f-ratio results without an O standard cannot produce a desirable

accuracy. That is because the f-ratio method requires the simulations to be performed on the entire
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system and the system intensities to be fully calibrated. Thus, a missing of any standard can cause

an overall miscalibration.

Additionally, with the increase of the number of the constituent elements, it is becoming
more difficult to obtain consistent quantification results when the standards and the beam energy
are changed, e.g., more variations are observed on the quantification results of the orthoclase
compared to the other two simpler specimens. The rising possibilities of the unreliable simulations
of the elemental interaction and the inaccurate experimental measurements of a complex system
can introduce more uncertainties into the quantification results. This point is further confirmed by
the f-ratio quantification results using the constant calibration factors: the results of the kyanite
(Figure 6.3) and the albite (Figure 6.6) with the fully calibrated systems have a satisfactory

accuracy, but those of the orthoclase (Figure 6.9) show a strong dependence on the beam energy.

One important superiority of the standard-based k-ratio method over the standardless
analysis is the unnormalized result, which can reveal any misidentification of constituents or
deviation in experimental conditions (e.g., surface roughness, specimen geometry) (Newbury &
Ritchie, 2015). However, the result normalization is also inevitable in the f-ratio method at this
stage due to the normalized input composition into the simulation. In this study, the O
concentration was further calculated by stoichiometry after the interpolations, and the analytical
total of all the constituents covers 99 % - 101 % for the kyanite, 99 % - 102 % for the albite, and
98 % - 103 % for the orthoclase. The tiny ranges around unity indicate the original interpolation
results also have a good accuracy. Since the f-ratio method requires an overall system simulation
before the analysis of the unknown specimen, the correct identification of constituents is a

significant premise of an accurate quantification. Furthermore, the unknown specimen should have
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a similar surface topography with the standards, otherwise the calibration factors cannot accurately
calibrate the X-ray detections. Thus, the accurate element identification and the careful specimen

preparation are the prerequisites to the f-ratio quantification method.

One original motivation to develop the f-ratio method is to eliminate the beam current
influences on the quantification process, especially for the analyses performed with a cold field
emission SEM, which has an unstable beam current and is not suitable for the k-ratio method. The
use of a compound standard can easily achieve this, but when separate standards are used, the
measurements of the beam current are still required during their experimental acquisitions.
However, once the calibration factor is determined, the following quantification process is
independent of the beam current, and the experimental procedures are the same as the standardless
analysis. In addition, the calibration factors are reusable for one set of instruments, as long as the
devices for collecting X-ray counts (e.g., EDS detector) and the software for counting X-ray

intensities remain unchanged.

6.6 Conclusion

In this work, the f-ratio quantification method was applied to the kyanite (Al2SiOs), the
albite (NaAlSisOs) and the orthoclase (KAISizOs) specimens with various standards and at
different accelerating voltages. A compound standard or several separate standards were both used
to calculate the calibration factors, which are dependent on the standard composition and the beam

energy. Through the comparisons between the calibration factors calculated with the MC X-ray
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and DTSA-II programs, it is concluded that the calibration factors are strongly dependent on the

instrument parameters and the simulation settings.

With a fully calibrated system, the f-ratio quantification method can own a satisfactory
accuracy with either a compound standard or several separate standards. It is difficult to predict
the quantification results based on an individual calibration factor, and a missing of any standard
can cause an overall system miscalibration. Furthermore, with the increase of the number of the
constituent elements, it is becoming more difficult to obtain consistent quantification results with
changing the standards and the beam energy. For a simpler system, such as the kyanite or the albite,
the results calibrated with either the beam-energy-dependent calibration factors or the constant
factors have a satisfactory accuracy; but for a more complex system, such as the orthoclase, the
results show a strong dependence on the beam energy when the constant calibration factors were

used.

Finally, even though the f-ratio method requires the accurate element identification and
careful specimen preparation, it can own the similar accuracy and simpler experimental procedures

compared with the standard-based k-ratio method.
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Chapter 7

Concluding Remarks

Based on the results reported in Chapters 3-6, the conclusions, contributions to original

knowledge and suggestions for future work are presented in this chapter.
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7.1 Conclusions

The Chapters 3 & 4 describe the phase map analyses based on the traditional elemental X-
ray mapping, and Chapters 5 & 6 focus on quantitative X-ray microanalyses performed with the

recently developed f-ratio method in multi-element systems. The following conclusions are drawn:

1. The phase map analysis is a practical solution for characterizing samples having various phases
and complicated elemental constituents. It can avoid the issues of excessive noise and clearly

visualize the phase distribution.

2. The large solid angle of the aSDD contributes to efficient X-ray mapping at a low beam energy,
where the improved spatial resolution enables an accurate phase identification down to one

micron.

3. The processing time for acquiring X-ray counts has significant impacts on the collecting
efficiency and the spectrum energy resolution, which should be chosen depending on a specific
objective. A short processing time can achieve an efficient map acquisition but also cause
limited energy resolution, so it is suitable for acquiring general phase information. On the other
hand, a long processing time enables a remarkable energy resolution, which is required for an

accurate peak identification in a spectrum having serious overlaps.

4. The performance of MSA on a phase map can significantly shorten the required acquisition
time for the X-ray mapping. The PCA can be used to denoise a phase map, and the BSS is
more helpful for phase separation and identification. Through the comparisons between the
two popular BSS algorithms: ICA and NMF, the NMF is confirmed to be more suitable for an

EDS map dataset.
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5. The f-ratio quantification method was performed on several multi-element systems, including
two Mg-Al-Zn alloys and three certified minerals [kyanite (Al2SiOs), albite (NaAISisOs) and
orthoclase (KAISizOs)]. The quantification results with the beam-energy-dependent calibration

factors have a satisfactory accuracy for both major and minor elements.

6. The use of PE standards was validated in the Mg-Al-Zn systems, and the use of a combination
of separate standards was validated with the certified minerals. The beam current and the

standard compositions do not show an obvious influence on the quantification results.

7. Since the f-ratio method is not sensitive to the beam current, it is suitable for quantitative X-

ray mapping with long time acquisition and even with an unstable beam current.

8. Comparing with the widely applied standardless analysis and the traditional standard-based k-
ratio method, the f-ratio method is capable to achieve both the merits of a satisfactory accuracy

and simple experimental procedures.

7.2 Contributions to Original Knowledge

The contributions to original knowledge made during this study are summarized as follow:

1. This s the first study to calculate the elemental f-ratios to perform the phase map analysis, and

this simplifies the phase identification with high flexibility.
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2. This is the first study to couple the MSA with the phase map analysis to improve the analytical

efficiency without sacrificing the accuracy of phase identification.

3. The previous studies on the f-ratio quantification method were limited in binary systems, so

this study is the first time to perform the f-ratio method on multi-element systems.

4. This is the first study to use the interpolation method to obtain the f-ratio quantification results.

5. In the previous studies, the standard used in the f-ratio method was limited to a compound
which contains all the target elements. This is the first study to extend the standard option to

any standard having one or more target elements.

6. This is the first study to perform the quantitative X-ray mapping with the f-ratio method.

7.3 Suggestions for Future Work

Based on the studies presented in this thesis, suggestions for future work are given in the

following:

1. An experimental database of the calibration factors could be built to simplify the future

quantification procedures.

2. The recent f-ratio quantification procedure strongly relies on the simulations of the whole
system, and this increases the preparation works before the analysis of the unknown specimen.
Thus, the theoretical relation between the elemental f-ratio versus the target system
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composition should be investigated. The f-ratio ought to be formularized with the elemental
concentration and corresponding coefficients, with the expectation to reduce the necessary

simulations and enhance the quantification efficiency.

. The simulations of K-lines intensity exhibit a satisfactory consistency with the experiments,
but those of L-lines and M-lines still need improvements. The databases involved in the
computations of L-lines or M-lines X-ray emission, e.g., the mass absorption coefficient and

the fluorescence correction, need further study.

. The accuracy and precision of the f-ratio quantitative mapping performed on heterogeneous

specimens need to be evaluated.
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