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Introduction

One of the key substances in stainless steel manufacturing is ferrous chromite, an ore
which contains chromium and iron oxides along with other elements. To be utilized in
steel making, it needs to be reduced to metallic ferrochrome. Currently, this is achieved
by smelting the ore in an electric arc furnace which requires extreme temperatures and
consumes a lot of energy. If the ore was already partially reduced before the smelting
step, the furnace’s energy need would be decreased leading to lower production costs
and a more environmentally friendly process. One way to do this prereduction is to use
methane as a reductant. Leikola studied the characteristics of methane reduction for
chromite mined in Kemi, Finland in her Master’s Thesis [1].
In this work, the aim is to determine how much metal, whether pure or carbide,
was yielded by the methane prereduction experiments Leikola performed. Two different analysis methods are utilized: image analysis of scanning electron microscope
(SEM) micrographs and Rietveld analysis of X-ray powder diffraction (XRPD) patterns.
Furthermore, ease of use and effectiveness of the two methods is discussed.
The thesis is organized as follows: Chapter 2 quickly explains image segmentation
using thresholding and goes through two thresholding algorithms used in this work,
Chapter 3 explains the basics of X-ray powder diffraction, and Chapter 4 goes through
various aspects of Rietveld refinement. Chapter 5 describes the employed research
methods, Chapter 6 presents and discusses the results, and finally Chapter 7 delivers a
summary and conclusions of the work.
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Image Segmentation by Thresholding

Often the first step in image analysis is to divide an image into meaningful regions
which could be used for further analysis. One of the simplest segmentation methods is
thresholding which transforms an image f (x, y) to a binary image g(x, y) by choosing a
threshold value T :
g(x, y) =


1,

if f (x, y) ≥ T

0,

otherwise.

(2.1)

Each pixel (x, y) is separated into one of two classes: object and background points. If
the pixel intensity value is greater than the threshold T , it is an object point, otherwise
it is a background point. [2] In Figure 2.1, a SEM micrograph of reduced chromite is
thresholded using two different values. The intensity histogram of the original image
shows the number of pixels at each intensity value. The intensity values go from 0
(black) to 255 (white). Using a thresholding value of 30 effectively selects all but the
darkest pixels. In order to select only the brightest pixels, a higher thresholding value,
such as 240, needs to be selected.
Original image

Intensity histogram

Thresholded image (T = 30)

Thresholded image (T = 240)

Figure 2.1. Thresholding the original image with a value of 30 basically includes all but the
darkest pixels, while a thresholding value of 240 only selects the brightest pixels as object points
and marks the rest as background points.
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A suitable threshold value can be chosen by evaluating the image by eye while
changing the threshold value. However, this manual way quickly becomes tedious when
processing large amounts of images and the attained results might not be reproducible.
For this reason, thresholding is usually automated via an algorithm. There are several
types of thresholding methods [3] but in this work we focus on Otsu’s and Huang’s
algorithms. The two algorithms discussed next are both global thresholding techniques
which means the thresholding value is held constant throughout the image.

2.1

Otsu’s Method

Idea behind the Otsu’s method [4] is to find the threshold that minimizes the within-class
variance. This method assumes that the histogram is bimodal (has two maxima) and
the valley between these two peaks is deep and sharp. Also, illumination should be
uniform so only the object appearance differences cause the brightness behavior [5].
The gray-level histogram h(i) of the examined image is first normalized and treated
as a probability distribution
h(i) =

ni
,
Np

h(i) ≥ 0,

L
X

h(i) = 1

(2.2)

i=1

where Np is the number of pixels in the image, ni is the amount of pixels at intensity
level i and L is the total number of possible intensity levels in the image (256 for an
8-bit gray-level image). Now, pixels in the image are divided into two classes, C0 and
C1 (background and objects, respectively) by a threshold value T . So, C0 denotes pixels
with intensity levels [0, · · · , T − 1] and C1 refers to pixels with levels [T, · · · , L − 1]. The
occurrence probabilities ω0 and ω1 for these classes are
ω0 = Pr(C0 ) =
ω1 = Pr(C1 ) =

T
X

(2.3)

h(i)

i=1
L
X

(2.4)

h(i)

i=T +1

and the class mean intensity levels µ0 and µ1 are given by
µ0 =
µ1 =

T
X

i Pr(i|C0 ) =

i=1
L
X
i=T +1

T
X
ih(i)
i=1

i Pr(i|C1 ) =

(2.5)

ω0
L
X
ih(i)

i=T +1

ω1

.

(2.6)

From the class probabilities and mean intensity levels we can derive class variances σ02
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and σ12 :
σ02
σ12

=
=

T
X

(i − µ0 ) Pr(i|C0 ) =
2

i=1
L
X

T
X

(i − µ0 )2

i=1

(i − µ1 ) Pr(i|C1 ) =
2

L
X

(i − µ1 )2

i=T +1

i=T +1

h(i)
ω0

(2.7)
h(i)
ω1

(2.8)

2 is simply a weighted sum of variances of the two classes:
The within-class variance σW
2
σW
= ω0 σ02 + ω1 σ12

(2.9)

Now, one would iterate through all of the possible threshold levels T (from 0 to 255 for
2 value is chosen as the threshold.
an 8-bit image) and the one that yields the lowest σW

However, this is computationally quite heavy and a faster calculation can be achieved
by maximizing the between-class variance, which is shown by Otsu [4] to be the same
2 is given by
as minimizing the within-class variance. The between-class variance σB

Equation (2.10)
2
σB
= ω0 (µ0 − µT )2 + ω1 (µ1 − µT )2

= ω0 ω1 (µ1 − µ0 )

(where µT = ω0 µ0 + ω1 µ1 )

2

(2.10)

where µT is the total mean intensity level of the image.

2.2

Huang’s Method

Huang’s method [6] utilizes fuzzy logic with the selection of an optimal threshold. In
contrast to Boolean logic where variable values can be either 0 or 1, fuzzy logic allows
variables to be any real number between 0 and 1. This is beneficial when selecting a
threshold because class probability densities often overlap due to ambiguous data. Fuzzy
logic deals with fuzzy sets whose elements have degrees of membership described with
the aid of a membership function. In effect, this means that one element can be part of
multiple sets. In case of selecting a threshold, a fuzzy set (an image) is considered as
an array of fuzzy singletons (image pixels), each having a membership value associated
with the intensity level of the pixel. Image I can then be represented as
I = {f (x, y), µI (f (x, y))}.

(2.11)

where µI is the membership function. If we utilize the normalized histogram h(i) which
groups all pixels f (x, y) having the same intensity/gray levels i, membership function
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µI for Huang’s method can be written as

1



 1 + |i − µ |/D ,
0
µI (i) =
1



,


1 + |i − µ1 |/D

if i ≤ T
if i > T

(2.12)

where µ0 and µ1 are the same class mean intensity levels as in Equations (2.5) and (2.6),
respectively, and D is a constant chosen in such a way that 0.5 ≤ µI (i) ≤ 1. Value of
the membership function needs to be restricted to make use of the entropy measure
(discussed later). Huang chooses the constant D as a difference between the maximum
and minimum intensities:
D = imax − imin .

(2.13)

Huang opted for an entropy measure E(I) as the criterion function for selecting an
optimal threshold:
E(I) = −

X
1 L−1
h(i)Se (µI (i))
ln 2 i=0

(2.14)

where
Se (µI (i)) = −µI (i) ln µI (i) − (1 − µI (i)) ln(1 − µI (i))

(2.15)

is the Shannon’s entropy function. This function increases from 0 to 0.5 and decreases
in the interval [0.5, 1]. Because it is used as a cost function in Equation (2.14), it should
decrease as the membership value µI (i) increases. This is why the previously mentioned
restriction 0.5 ≤ µI (i) ≤ 1 is applied. The chosen threshold T is the one that minimizes
the entropy measure E(I).
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3

X-ray Powder Diffraction

In X-ray crystallography, X-rays with known wavelength are employed to acquire
information about the structure of a material. This chapter briefly describes the
generation of X-rays, crystal geometry and basics of X-ray diffraction focusing on X-ray
powder diffraction (XRPD). [7, 8]

3.1

Generation of X-rays

X-rays are generated when high-speed electrically charged particles hit a metal surface.
Figure 3.1 shows an X-ray spectrum from a copper target where the acceleration voltage
is 25 kV. The continuous background is called bremsstrahlung and the Kα and Kβ
are characteristic peaks which, for copper, lie at 1.54 Å and 1.39 Å, respectively [8].
Generation of bremsstrahlung and characteristic X-rays is explained below.

Figure 3.1. X-ray spectrum from a copper target with 25 kV acceleration voltage.
Bremsstrahlung forms the continuous background and Kα and Kβ are characteristic peaks for
copper. Data from [9].
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3.1.1

Bremsstrahlung

Electrons decelerate due to the Coulombic field of the surface atoms in the sample. This
deceleration causes a loss of energy ∆E which is emitted as a photon and calculated by
∆E = hv, where h is the Planck’s constant and v is the frequency of the photon. Figure
3.2 illustrates this process. This form of radiation is called bremsstrahlung ("braking
radiation") and it can have virtually any energy value from zero to the original energy
of the electron. Due to this, bremsstrahlung has a continuous spectrum and forms the
background in an X-ray spectrum. [7, 8]
Bremsstrahlung is unavoidable and usually regarded as a hindrance because it can
overlap with the characteristic peaks of the investigated elements making analysis harder.
On the other hand, bremsstrahlung can give information about the overall composition
of the sample since its amount depends on the average atomic number of the sample.
[7, 8]

Figure 3.2. Incident electrons interact with the nucleus which causes them to decelerate.
Decrease in speed leads to energy being emitted as an X-ray photon which is, in this case, called
bremsstrahlung or "braking radiation".

3.1.2

Characteristic X-rays

The incident electrons can eject inner electrons from an atom. This leaves the atom in
an exited state which causes one of the outer shell electrons to fill the vacancy. The
electron moves from a higher energy state to a lower one and the energy difference
is released. There are two ways to release this excess energy. One way is the Auger
process where another outer shell electron is ejected from the atom. The second way is
depicted in Figure 3.3a and is called the characteristic X-ray process. In this process,
the energy difference turns into an X-ray photon, and because the atomic energy levels
are characteristic to each element, the difference in energy between electron shells is
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also characteristic. This leads to the emitted X-ray photon having an energy specific to
a certain element. [7, 8]
The Siegbahn notation labels characteristic X-rays according to the element they
represent, the destination shell of the vacancy filling electron and the distance the
electron traveled. For example, a molybdenum X-ray produced when an electron fills the
K shell from the L shell would be labeled Mo-Kα. The Greek letters denote the distance
and, in general, α indicates that the electron came from the next shell, β expresses that
the distance was two shells, γ means three shells et cetera. Sublines can be identified
with numerical subscripts. Some examples are shown in Figure 3.3b, and as can be
seen with the L lines, there are inconsistencies regarding the Greek letters. For this
reason, the International Union of Pure and Applied Chemistry (IUPAC) notation was
developed [10]. It states the shell being filled and the source shell of the electron. For
example, Kα would change to K-L3 . Even though the IUPAC notation is consistent, it
is rather cumbersome which is why Siegbahn notation is still widely used.

Figure 3.3. a) Incident electron can inelastically hit an inner shell electron which causes both
the incident electron and the ejected electron to leave the atom. Electron from one of the outer
shells moves to fill the vacancy and emits a characteristic X-ray photon in the process. b) The
energy of characteristic radiation depends on the original and destination shells of the vacancy
filling electron. L to K transition leads to Kα radiation whereas M to K transition produces Kβ
radiation. M to L transition results in Lα or Lβ radiation depending on the subshell.

3.2

Geometry of Crystals

Unit cell is the smallest possible repeating structure which contains all the structural
and symmetry information of the crystal lattice. A unit cell is characterized by its
lattice system and lattice type. Shape of each of the seven lattice systems is defined
by its relative edge lengths a, b and c and the angles α, β and γ between them. This
is clarified by Figure 3.4. The lattice type identifies the lattice points, i.e. the atom
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positions, which there are also seven in total. Figure 3.5 shows the three possible lattice
types for a cubic lattice system where a = b = c and α = β = γ = 90◦ . Together the
lattice system and type are called a Bravais lattice. [8]
Miller index notation is used to designate different planes and directions in the
Bravais lattice [8]. Each plane and direction is denoted by the Miller indices h, k and l
which, by convention, are integers written so their greatest common divisor is one and
negative integers have a bar instead of a minus sign, for example 1 equals -1. For planes,
these integers are put in round brackets whereas with directions square brackets are
used. Furthermore, {hkl} notation is used to denote a set of (hkl) planes which are
symmetrical with one another. For example, {100} would include planes (100), (010),
(001) and their negative counterparts. Likewise, hhkli includes all [hkl] directions with
the same symmetry. Some planes and directions in a cubic crystal are illustrated in
Figure 3.6. For a cubic crystal, the spacing d between adjacent (hkl) planes can be
calculated with Equation (3.1)
d= √

h2

al
,
+ k 2 + l2

(3.1)

where al is the lattice constant and h, k and l are the Miller indices for a plane.

Figure 3.4. The three lattice constants a, b and c denote the dimensions and the three angles
between them are designated by α, β and γ. Together these form the lattice parameters of a
unit cell.
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Figure 3.5. The three lattice types for the cubic lattice system: a) simple cubic (sc), b)
body-centered cubic (bcc) and c) face-centered cubic (fcc). White spheres are atoms.

Figure 3.6. Different atomic planes in a cubic crystal. The arrows represent the corresponding
[hkl] direction for each plane.
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3.3

X-ray Diffraction and Bragg’s Law

Diffraction occurs when electromagnetic radiation with suitable wavelength interferes
with an obstacle of appropriate size [8]. In the case of atoms, the obstacle is the periodic
structure of the crystals and electromagnetic radiation with appropriate wavelength is
X-rays. When X-rays hit the atoms, they are scattered by interaction with the atoms’
electrons. The oscillating electric field of an X-ray will make electrons it encounters to
oscillate about their mean positions. This means the electrons accelerate and decelerate
which, as stated previously, causes them to emit electromagnetic radiation. The Xrays re-radiated this way are coherent with the incident beam and have the same
wavelength and frequency. In most cases, the scattered X-rays cancel each other out
through destructive interference but sometimes, as illustrated in Figure 3.7, constructive
interference occurs. The incoming X-ray beams in Figure 3.7 are scattered by different
atoms and undergo constructive interference when the lower beam takes a path which
is an integer multiple longer than the wavelength of the X-rays. This requirement is
stated by Equation (3.2) known as Bragg’s law
nλ = 2d sin θ,

(3.2)

where n is the integer multiple, λ is the wavelength of the X-rays, d is the plane spacing
and θ is the incident angle of the X-rays. [8]

Figure 3.7. Two X-ray beams with same wavelength δ and incident angle θ are scattered by
symmetrically arranged atoms with spacing d. The diffracted waves will add constructively only
if the path of the lower beam is 2d sin θ longer than an integer multiple of the wavelength. This
is known as Bragg’s Law.
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3.4

Bragg-Brentano Diffractometer

Bragg-Brentano diffractometer geometry for low and high angles is illustrated in Figures
3.8a and b, respectively. In this geometry, the detector stays at 2θ and the sample
surface is always at θ to the incident X-ray. The detector and the X-ray source are
located on the perimeter of the diffractometer circle with a radius R. The sample is
located at the center of this circle. Another circle can be drawn where the sample,
detector and source are all on the perimeter. This circle is called the focusing circle and
its radius r changes depending on the angle θ. [11]

Figure 3.8. Bragg-Brentano geometries for low (a) and high (b) incident angle θ. Only the
central ray is drawn for simplicity.

Two methods can be used to scan the sample so that the diffracted X-rays are always
focused at the detector [11]. First one is the so called θ–2θ method where the X-ray
source remains fixed and the sample is rotated at a rate of θ °/min and the detector at
a rate of 2θ °/min. The other is called θ–θ method where the sample does not rotate
but the X-ray source and detector both revolve at a rate of θ °/min. What rotation
means in this case, is that the X-ray source and detector move along the diffractometer
circle perimeter. The sample is rotated in the center of the circle in the former method.
The latter method is safer if the sample consists of loose powder, since there is no risk
of the powder falling off of the sample holder.
The various optics in Bragg-Brentano diffractometer are illustrated in Figure 3.9.
Soller slits limit the sideways spread of the X-ray beam which ensures the measured
peak shape is symmetric and narrow. Beam mask and divergence slit set the irradiated
area on the sample. Figure 3.10a illustrates a soller slit consisting of very thin and
parallel metal plates. Any X-ray photons with a spread too high will hit the plates and
not make it through. The function of the beam mask is also illustrated in the same
figure. The radiated area of the sample is shown in Figure 3.10b. Beam mask limits the
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width w of the beam, which stays constant regardless of the scanning angle, whereas the
length l, set by the divergence slit, diminishes with increasing angle. It is important to
choose the beam mask and divergence slit so that the irradiated area does not include
the sample holder and thus skew the results. On the diffracted beam side, anti-scatter
slit determines the actual observed length and, generally, the irradiated and observed
lengths should be the same. Receiving slit determines the resolution by focusing the
diffracted X-rays. [11]

Figure 3.9. One example of optic placement in a Bragg-Brentano diffractometer. Monochromator and Kβ filter are not commonly used at the same time.

Figure 3.10. a) The orange arrows represent X-ray photons which travel through the soller slit
consisting of thin and parallel metal plates. If the spread of an X-ray photon is too large, it hits
the plates and does not make it through.The thicker horizontal lines at the bottom represent
the beam mask. b) The orange square demonstrates the irradiated area on the white sample.
Divergence slit sets the length l and beam mask delimits the width w. This area should be as
large as possible while excluding the gray sample holder.
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Unwanted wavelengths can be removed using filters or monochromators. Filters, often
called beta-filters, are used suppress to Kβ and background radiation while retaining
most of the characteristic Kα radiation from the X-ray source. The material of the
filter needs to be chosen according to the X-ray source. For example, a copper source
would use a filter made out of nickel. Monochromators select the wanted wavelength by
means of diffraction and Bragg’s law. Only the wavelengths obeying Bragg’s law for the
d spacings of the monochromator material will pass through. Monochromators ability
to block Kα2 radiation depends on its material. For example, a silicon has a so-called
narrow band pass which means it is able to separate Kα1 and Kα2 wavelengths, whereas
graphite, another widely used monochromator material, lets both of the wavelengths
through. Filters and monochromators both clean up the received data from unwanted
wavelengths but, on the downside, decrease the observed intensities, leading to longer
collection times. [11]

3.5

Integrated Intensity Equation

To get information about the crystal or chemical structure of the sample, we need to
build a mathematical diffraction pattern and compare it to the measured one. Integrated
intensity Ihkl for each hkl reflection can be calculated with Equation (3.3)
Ihkl = |Fhkl |2 × LPhkl × Phkl × A × Ehkl ,

(3.3)

where Fhkl is the structure factor, LPhkl is the Lorentz-polarization factor, A is the
absorption factor, Phkl is the preferred orientation factor and Ehkl is the extinction
factor [8]. These different terms are now explained briefly.

3.5.1

Structure Factor

The intensity of a diffraction peak is given by the structure factor [8, 11] presented in
Equation (3.4)
2

|Fhkl | = mhkl

NX
atoms
n=1

sin2 θ
Nn fn exp −Bn 2
λ

!

2

exp (2πi (hxn + kyn + lzn )) ,

(3.4)

where mhkl is the multiplicity factor, Nn is the site occupancy factor, fn is the scattering
factor for nth atom, Bn is the Debye-Waller temperature factor for nth atom, h, k & l are
the Miller indices of the reflecting plane and xn , yn & zn are the fractional coordinates
of the nth atom.
The multiplicity factor mhkl takes into account that all hkl-planes with the same
d-spacing contribute to a certain intensity peak. It is the amount of planes a form {hkl}
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includes. For example, the plane (111) has a multiplicity factor of eight because the
form {111} includes eight symmetrical planes: (111), (111), (111), (111), (111), (111),
(111) and (111). [8, 11]
Site occupancy factor Nn accounts for the non-stoichiometry and/or ionic disorder
which can be present in the measured material. It is simply the number of atoms per
unit cell. [8, 11]
The atomic scattering factor f describes how strongly a certain atom can scatter
the incident X-ray beam [8, 11]. Because each electron in an atom contributes to the
scattering, f increases with atomic number Z, and is equal to it when the scattering
happens in the forward direction (2θ = 0). However, when the diffraction angle increases,
the value of f decreases because the scattered X-rays become out of phase. This angle
dependency is illustrated in Figure 3.11. Furthermore, the atoms themselves are not
anchored to fixed points in the lattice but instead vibrate about their mean positions
due to thermal excitation. As a result, the plane spacing d changes and affects the
positions of diffraction lines. For the same reason, diffraction intensities are decreased
since the constructive interference at the Bragg angle is no longer perfect. The amount
of vibration is quantified by the isotropic Debye-Waller temperature factor B. Isotropic
here meaning that the atom is expected to deviate in any direction by equal probability.
Figure 3.12 shows the scattering factor for iron as the diffraction angle increases. The
black curve only shows the effect of scattering angle and the two other curves illustrate
the effect of B.
With the second exponential term in Equation (3.4) included, structure factor takes
the position of each atom into account and describes how the X-rays are affected by the
atom configuration. The result is a single theoretical integrated intensity value for a
single reflection peak. Other factors discussed next further refine this intensity value.

Figure 3.11. X-ray diffraction by electrons inside an atom. In the forward direction (a), the
diffracted X-rays are perfectly in phase but when the scattering angle increases (b), the scattered
X-rays become increasingly out of phase which leads to decreased intensity.
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Figure 3.12. Atomic scattering factor f for iron. When the diffraction happens in the forward
direction i.e. 2θ = 0, the atomic scattering factor for iron is equal to its atomic number Z. As
the diffraction angle 2θ increases, fF e decreases. The black curve shows the effect without the
Debye-Waller temperature factor B and the red and blue curves with it. As can be seen, the
effect of B is quite drastic.

3.5.2

Lorentz-Polarization Factor

In reality, diffraction can still occur even when the scattering angle deviates slightly
from the Bragg angle. Lorentz factor in Equation (3.5) takes this into account
Lorentz factor =

1
1
=
.
2
sin θ sin 2θ
sin θ cos θ

(3.5)

Direction of polarization of an X-ray photon can change when it is diffracted by the
atoms. One of the two extremes is that the polarization does not change at all and
the intensity of the diffracted X-ray is not affected. The reduction factor in this case
is 1. The other extreme is that the change in polarization is maximal which causes a
reduction in intensity equal to cos2 2θ. Thus, partial polarization can be corrected with
the mean of these two extremes:
Polarization factor =

1 + cos2 2θ
.
2

(3.6)

If a monochromator is used, it introduces additional polarization which changes Equation
(3.6) to
Polarization factor =

1 + cos2 2θ cos2 2θM
,
2

(3.7)

where 2θM is the Bragg angle for the monochromator. [8, 11]
The Lorentz and polarization factors are usually combined together into Lorentz-
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polarization factor

1 + cos2 2θ
sin2 θ cos θ

(3.8)

1 + cos2 2θ cos2 2θM
.
sin2 θ cos θ

(3.9)

LPhkl =
or with a monochromator
LPhkl =

Constant multipliers are omitted in Equations (3.8) and (3.9) because we are calculating
relative intensities. The effect of Lorentz-polarization factor is shown in Figure (3.13). It
is evident that this factor increases diffraction intensities at lower and higher diffraction
angles. [8, 11]

Figure 3.13. Lorentz-polarization factor increases the diffraction intensities at lower and higher
diffraction angles due to different geometrical factors of the crystals and test arrangement.

3.5.3

Preferred Orientation Factor

It is assumed that all the crystals in the sample are oriented randomly and have a
spherical shape. In reality, this is rarely the case and the crystal shape deviates from a
perfect sphere which leads to a tendency for the crystals to orient themselves in a specific
way. For example, plate-like crystals tend to stack like pages in a book perpendicular
to the sample holder, and needle-like crystal orient themselves so their needle axes
are parallel to the flat sample holder. This leads to some of the hkl peaks having an
intensity higher than expected. [12]
Preferred orientation is traditionally corrected with the March-Dollase function
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presented in Equation (3.10)
Phkl =

sin2 α
r cos α +
r
2

!− 3
2

2

(3.10)

where r is the strength of the preferred orientation and α is the angle between the
reflecting hkl-plane and the preferred orientation plane. As a rule of thumb, r = 0.5 for
strong plate-like orientation, r = 1.0 for no preferred orientation and r = 1.5 for strong
needle-like orientation [13]. In addition to this mathematical correction, X-ray powder
diffraction samples should always be ground as fine as possible to minimize preferred
orientation [8]. Modern refinement programs also include more sophisticated corrections
[14], such as the use of spherical harmonics [15, 16].

3.5.4

Absorption Factor

The specimen absorbs some of the diffracted X-rays which naturally decreases the
observed intensities. In case of a flat and sufficiently thick sample, absorption can be
corrected with Equation (3.11)
A=

1
,
2µ

(3.11)

where µ is the linear absorption coefficient of the sample material. [8]
According to Equation (3.11) absorption is independent of 2θ. This is due to two
balancing effects. At low angles, the incident X-rays irradiate a large area but do not
penetrate that deep. On the other hand, the irradiated area is small and the penetration
depth large at high angles. This means that the irradiated volume stays constant and is
independent of 2θ. With a changing divergence slit this is no longer the case because
irradiated volume increases with 2θ. [8]

3.5.5

Extinction Factor

If the studied sample has large and perfect crystals, secondary diffraction of X-rays can
weaken the main diffracted beam [12]. The re-scattering itself decreases the intensity
of the diffracted X-rays. In addition, the re-scattered X-rays are usually out of phase
with the main diffracted beam and weaken its intensity. This secondary diffraction is
illustrated in Figure 3.14.
While extinction becomes significant in single crystal XRD, its effect is virtually
negligible with finely ground powder samples where crystals are small, divided and
oriented randomly [12]. Also, experimental errors are usually more significant than the
factor of extinction (in powder diffraction) so this correction is rarely used [11].
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Figure 3.14. Re-diffraction of the diffracted X-rays leads to weakening of the main beam. This
phenomenon is called extinction and it happens when the sample has large and perfect crystals.
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4

Rietveld Refinement

As mentioned earlier, the integrated intensity equation gives a single intensity value for
a single 2θ angle. This value is used to represents the area under a real diffraction peak.
The Rietveld method distributes this single value across a range of 2θ angles creating a
peak profile similar to the observed one. The aim is to minimize the difference between
the calculated and observed peak profiles by using the method of least-squares [17, 18],
presented in Equation (4.1)
Q=

X



Wi Iiobs − Iicalc

2

,

i

Wi =

1
Iiobs

,

(4.1)

where Wi is the weight function, Iiobs is the observed intensity at point i and the
calculated intensity Iicalc at point i is given by Equation (4.2)
Iicalc = Iibkg +

X

X

Sj

j

ϕj (2θi − 2θhkl, j ) Ihkl, j ,

(4.2)

hkl, j

where Iibkg is the background intensity at point i, Sj is the scale function for phase j,
ϕj (2θi − 2θhkl, j ) is the peak shape function for phase j and reflection hkl and Ihkl,

j

is the integrated intensity for phase j and reflection hkl. Next, the components of
Equation (4.2) are explained concisely.
A simple and widely used way of fitting the background is to use a polynomial
function in 2θ, presented in Equation (4.3)
Iibkg =

Nb
X

an (2θi )n ,

(4.3)

n=0

where Nb is the polynomial degree and an is the refinable polynomial coefficient. Usually,
Rietveld programs use a fifth degree polynomial and refinement of only three of the
five coefficients is enough to achieve a good background fit. All of the five coefficients
are needed only for more complex backgrounds. Also, for very complex backgrounds,
specific background formulas are available. [12]
In order to set the calculated profile of each phase onto the same scale as the
measured one, a scale factor Sj presented in Equation (4.4) is used [12].
Sj = SF

fj
,
Vj2

(4.4)

where SF is the beam intensity, fj is the phase volume fraction and Vj is the phase cell
volume.
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Shape of the measured profile peak is dependent on various aspects such as the
characteristics of the incident beam, experimental arrangement, diffractometer and
sample size and shape [19, 20]. Various peak shape functions are used to approximate
these effects. In his original paper, Rietveld [21] used a Gaussian peak shape profile
presented in Equation (4.5)
√


2 ln 2
−4 ln 2
2
√
φG =
exp
(2θi − 2θhkl )
H π
H2

(4.5)

where H is the Caglioti function (discussed later). The (2θi − 2θhkl )2 part of the
exponential term spreads the single intensity value at 2θhkl across a range of 2θ angles.
The exponential term is at maximum when 2θi = 2θhkl , giving the highest intensity.
As the distance from 2θhkl increases, the intensity diminishes. Another simple profile
function is the Lorentz peak shape, presented in Equation (4.6)
2
φL =
πH



4
1 + 2 (2θi − 2θhkl )2
H

−1

(4.6)

.

A measured diffraction peak shape is a mix of Gaussian and Lorentz peak profiles [17].
Pseudo-Voigt profile combines the Gaussian and Lorentz peak shapes to simulate a real
diffraction peak:
φp V = ηφL + (1 − η) φG ,

(4.7)

where η is the Lorentz fraction i.e. how much Lorentz peak shape is used. Another
widely used peak profile function is the Pearson VII, presented in Equation (4.8)
2m(21/m − 1)1/2
φP V II =
(m − 0.5)π 1/2

4(21/m − 1)
(2θi − 2θhkl )2
1+
H2

!−m

(4.8)

where m is a refinable parameter. Figure 4.1 shows the shapes of the discussed profile
functions.
Caglioti function H in all of the above equations describes peak width broadening
at higher scattering angles [22]:
H 2 = W + V tan θ + U tan2 θ,

(4.9)

where W, V & U are refinable parameters. Peak width generally means the full-widthat-half-maximum (FWHM) illustrated in Figure 4.2a. Figure 4.2b shows what was
stated earlier: peak width increases with increasing 2θ angle. If the refinement is wanted
to be kept simple, it is possible to omit the V and U terms, only refining the W . This,
of course, means the peak width stays constant across the Bragg angles.
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Figure 4.1. Different peak shape functions illustrated: a) Gaussian, b) Lorentzian, c) pseudoVoigt and d) Pearson VII. Additionally, the effect of the η and m parameters for pseudo-Voigt
and Pearson VII peak shape functions are shown in c) and d), respectively.

Figure 4.2. The change in full-width-at-half-maximum (FWHM) of a diffraction peak, shown in
a), can be modeled with the Caglioti function as is illustrated in b). It states that the diffraction
peaks widen when 2θ increases.
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4.1

Refinement Strategy

Refinable parameters are divided into two groups: global and phase-dependent [12].
Global parameters include the machine zero offset, specimen displacement and pattern
background etc. and are, for the most part, stable. Phase-dependent parameters include
phase spike widths, unit scale dimensions and so on. Some of these phase-dependent
parameters are stable but most are unstable. An effective refinement strategy involves
a step-by-step parameter turn on sequence where only the stable parameters are refined
first and additional parameters are turned on for the following cycles [17]. This kind
of systematic approach aims to prevent situations where a premature refinement of
non-linear and very unstable parameters leads to erratic behavior or failure of the whole
refinement. When parameters are turned on one by one, it is also easier to spot a
troublemaking parameter if the refinement is not going well.
Young [17] suggested a possible parameter turn-on sequence which is shown in Table
4.1. One needs to modify this according to the sample and phases in question but it is a
good starting point. The scale factor should always be refined first to get the refinement
onto the right track. Then, there is the choice of refining either specimen displacement
or zero point error. Specimen displacement corrects for the slight deviations of the
sample placement in the diffractometer and deviates slightly from sample to another.
On the other hand, zero point error corrects for alignment and stability errors in the
diffractometer itself and, for a properly set-up and mechanically stable device, remains
inconsequential. For these reasons, it is advisable to refine the specimen displacement
and not touch the zero point at all. If the polynomial background function is used, the
flat background should be refined first to get a starting point for further refinement. After
this, the polynomial coefficients should be refined one by one. For a simple background,
three coefficients is a adequate amount. The use of excess background parameters can
lead to unexpected results during the refinement. After background has been fitted, one
should start refining the lattice parameters for each phase. Especially during this step,
it is important to evaluate the refinement graphically since incorrect lattice parameters
can cause the calculated peaks to fix onto incorrect observed peaks. Next, the Caglioti
parameter W is refined. Again, judge the refinement graphically because sometimes
the algorithm thinks it is a good idea to widen the peaks of some phases to better fit
the background. This is naturally not wanted and can lead to problems later if not
noticed. Around this point one can refine the atomic coordinates x, y and z if there is
need. Graphical assessment (discussed later) should be used at this stage to determine
whether preferred orientation needs to be accounted for.
Now, only the poorly stable parameters remain to be refined. Especially at this stage,
one should pay close attention for anything dubious happening with the refinement. Site
occupancy factor N and isotropic thermal displacement parameter B tend to be strongly
correlated and should be thus refined simultaneously. All of the Caglioti parameters
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correlate with one another. If one chooses to refine the additional U and V parameters,
W should be refined at the same time. However, Taylor [12] suggests to only refine
these additional parameters for major phases where they might have a slight effect on
the quantification. In a similar manner, the peak shape function parameters η and m
are usually better left untouched. Their refinement normally does not have a significant
impact on the analysis [12]. Anisotropic thermal parameters should be refined last.

Table 4.1. Parameter turn-on sequence suggested by Young [17].

4.2

Parameters

Linear

Stable

Sequence

Scale
Specimen displacement
Flat background
Lattice parameters
More background
W
x, y, z
N ’s and B’s
U , V , η and m
Anisotropic thermal
Zero point

Yes
No
Yes
No
No
No
No
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Poorly
Fairly
No
No
No
Yes

1
1
2
2
2 or 3
3 or 4
3
4
Last
Last
1, 4 or not

Quality of Refinement

To evaluate the Rietveld refinement process, various R indices have been developed.
The most meaningful of these, the weighted R pattern Rwp is given by Equation (4.10)
v
u N

2
uX
u
Wi Iiobs − Iicalc
u
u i=1
Rwp = u
,
u
N

2
X
u
obs
t
W I
i

Wi =

1
Iiobs

,

(4.10)

i

i=1

where N is the number of steps. It tells the difference between the observed and modeled
profile. [17]
The numerator in Equation (4.10) is the sum of squared residuals and has an expected
value of N − P when P is the number of parameters in the estimated model. The
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expected R index Rexp is then given by Equation (4.11)
v
u
N −P
,
Rexp = u
u N

2
uX
t
obs
W I
i

Wi =

1
Iiobs

.

(4.11)

i

i=1

In other words, the Rexp is the lowest theoretical value the weighted pattern R index
can achieve. [18]
The ratio between these two R indices gives the measure of how well the fitted model
accounts for the data. This is usually referred to as the goodness of fit or the χ factor
and is given by Equation (4.12)
χ=

Rwp
.
Rexp

(4.12)

A χ value of 1.3 is usually considered satisfactory. However, one should not blindly stare
at this value. The goodness of fit might be deceivingly low due to multiple different
reasons. For example, a high background can cause Rwp values to be misleadingly small
since it is easier to get a good fit to a slowly varying background than to a set of high
intensity reflection profiles. Then again, a low background with clear and high intensity
peaks can give a Rwp value deceptively large which causes the χ value to be higher than
expected. [17, 18]
Graphical criteria, in addition with the numerical R-values, gives useful information
about the state and errors of the refinement [17]. Plots of the observed and calculated
patterns, and especially the difference pattern between the two, are extremely important
since one can see gross errors with a glance. Figure 4.3 illustrates three common effects
in the difference pattern [12]. The sawtooth shape in Figure 4.3a means that the peak
positions of the observed and calculated peaks do not match. If all of the sawtooth
shapes go the same way, either positive peak first or negative peak first, the probable
cause is an error with the specimen displacement or zero offset which needs to be refined
further. The sawtooth shapes can also go both ways which indicates unit cell dimension
errors. Preferred orientation errors take shapes illustrated in Figure 4.3b. A positive
peak indicates a plate morphology which causes some reflections to be observed too
strong. Rod or needle morphology on the other hand makes some reflections too weak.
This results in a negative peak in the difference pattern. Difference patterns in Figure
4.3c suggest errors with the peak widths and shapes. The first and second images show
too small and too large calculated peak widths, respectively. The solution in this case
is to further refine the Cagliotti parameters W , V and U . The third picture indicates
that the calculated profile has too much Gaussian and not enough Lorentzian character,
whereas for the fourth figure it is the opposite. In either case one should refine the
Pearson m or Pseudo-Voigt η parameter, depending on the profile shape function used.
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Figure 4.3. Common difference patterns in Rietveld refinement. Zero offset errors are indicated
by sawtooth shapes (a). Preferred orientation errors manifest themselves as single peaks in the
difference pattern (b). The first two pictures of (c) show too small and too large peak widths
and the last two indicate errors with the peak shapes.
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5

Research Methods

Leikola [1] already conducted XRPD measurements and Rietveld analyzes in her Master’s
Thesis but those results were unsatisfactory and, since none of Leikola’s samples were
left in powder form, new powder samples had to be prepared in order to perform new
measurements. Naturally, image analysis was performed for the SEM micrographs taken
from Leikola’s samples in addition to those of the new samples.

5.1

Sample Preparation

Each sample was prepared from approximately five grams of chromite concentrate
powder (from Kemi, Finland) which was reduced for 60 minutes at temperatures and
CH4 -H2 atmospheres shown in Table 5.1. Leikola [1] used various reduction times,
but due to time constraints, only 60 minute experiments were conducted in this work.
The reduction theory of chromite in CH4 -H2 atmosphere is extensively explained by
Leikola [1]. The gas components used were argon (Ar 99.999 %), methane (CH4 99.5 %)
and hydrogen (H2 99.99 %) and total gas flow was kept at 800 ml/min during the
experiments. A closed electrical, horizontal tube furnace was utilized to conduct the
experiments. Its detailed structure and gas train are described by Halli [23]. Alumina
crucibles were used as sample holders. The experiments were performed as follows:
1. Sample was slid to the center of the furnace at a rate of 1 cm/min to limit the
thermal shock on the sample holder.
2. Furnace was closed and purged with argon (900 ml/min) for 20 minutes.
3. Methane and hydrogen were fed into the furnace to attain the wanted methane
volume.
4. After the 60 minute experiment time, furnace was again purged with argon
(900 ml/min) for 20 minutes.
5. Furnace was opened and the sample quickly dragged on to the water cooled section
to cool down.
6. When the sample holder was cool enough to be touched, the sample was collected
and put into a desiccator.
To decrease the particle size and ensure a uniform size distribution, each sample was
ground with the Retsch XRD-Mill McCrone for 10 minutes. Samples which were sintered

27

in the higher temperature experiments were first ground with mortar and pestle to have
roughly the same particle size as the non-sintered ones. Size distribution of each ground
sample was examined with Malvern Instruments Mastersizer 2000. After the XRPD
measurements, the powder samples were cast into epoxy and wet sanded with silicon
carbide sandpaper and polished with 3 and 1 µm monocrystalline diamonds. In order
to increase the conductivity and get better image quality in SEM, the polished samples
were carbon coated with Leica EM SCD050 cool sputtering device.
Table 5.1. Experiment temperature and atmosphere for each sample.

5.2

CH4
[vol%] [ml/min]

H2
[vol%] [ml/min]

Sample

T [◦ C]

A04
A10
A16

1100
1100
1100

10
20
30

80
160
240

90
80
70

720
640
560

B04
B10
B16

1200
1200
1200

10
20
30

80
160
240

90
80
70

720
640
560

C04
C10
C16

1300
1300
1300

10
20
30

80
160
240

90
80
70

720
640
560

D04
D10
D16

1350
1350
1350

10
20
30

80
160
240

90
80
70

720
640
560

SEM Micrographs and Image Analysis

SEM micrographs were taken with LEO model 1450 VP using Oxford Instruments
INCA software at x1500 magnification. A total of approximately 25 images were taken
for each sample. Example images for each sample are shown in Appendix D. The SEM
micrographs had four distinctive phases in addition to the black epoxy. Leikola [1]
studied the samples using energy dispersive X-ray spectroscopy (EDS) and found the
phases to be silicate (very dark gray), two kinds of unreduced chromite (dark and light
gray) and metal/metal carbide (white). These phases are marked in Figure 5.1.
MATLAB (R2016a) with the Image Processing Toolbox (version 9.4) was used
to perform the image analysis. First, Otsu’s method [4] was used to calculate three
threshold levels for the SEM micrograph to separate the phases. This caused the
last threshold level to include some brighter gray areas in addition to totally white
ones. Thus, this last threshold section was thresholded again. Initially, this additional
thresholding was done with the Otsu’s method [4] but for some images this approach
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Silicates etc.
Unreduced chromite
Metal/metal carbides

Figure 5.1. Different phases found in the sample. The bright white phases are metal or metal
carbides, the darker and lighter gray are unreduced chromite and the very dark gray includes
sand, silicates and such.

was too generous, i.e. it still caused some light gray areas to remain. Huang’s method
[6] was found to be more suitable for the images in question and was thus used to
further segment the brightest phases. Figure 5.2 shows the original SEM micrograph
and an image where the brightest threshold level is colored in green and placed on top
of the original image for comparison. As one can see, the thresholding method finds the
brightest metal phase with good accuracy.
Next, the original image was separated into binary subimages according to the
calculated threshold levels. This way, each phase had its own subimage where a white
pixel indicated the phase is present and a black pixel that it is absent. To exclude the
black epoxy from the calculations, area fraction Af was calculated for each phase by
dividing the area of the phase with area of all phases:
Af =

Aaw
,
Apw

(5.1)

where Apw is the area of the phase (area of white pixels) and Aaw is the area of all
phases. This area percentage was then turned to a ’mass percentage’ mp by multiplying
with the density of the phase in question:
mp = ρp Af ,

(5.2)

where ρp is the density of the phase. The brightest phase was found, in the Rietveld
analysis, to consists mostly of chromium carbide so a density of 7.8 g/cm3 was used
for it. A density of 4.8 g/cm3 was used for the two unreduced chromite phases and a
density of 2.0 g/cm3 for the darkest phase consisting of silicates and other elements. All
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density values were given by PANalytical’s X’Pert HighScore Plus program (version
4.0). Finally, the ’mass percentages’ were normalized. MATLAB code for this analysis
is presented in Appendix A. Eventhough the mass percentages were calculated for all of
the phases, only the most interesting metal phase was analyzed and discussed.
Original

Thresholded

Figure 5.2. Original SEM micrograph and an image, where the brightest threshold level is
calculated with the algorithm, colored green and placed on top of the original image.
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5.3

XRPD and Rietveld Analysis

XRPD measurements were conducted with PANalytical’s X’pert3 Powder X-ray diffraction system with the parameters and optics presented in Table 5.2. Samples were
back-loaded into a spinning sample holder.
Table 5.2. Parameters and optics used in XRD measurements.

Parameter/Optic

Value

Source
Acceleration voltage
Emission current
Measurement range (2θ)
Number of steps
Measurement time per step
Sample holder diameter
Rotation speed

Copper
45 kV
40 mA
15◦ –85◦
1333
2.68 s
27 mm
1/8 rev
s

Incident beam optics
Soller slit
Beam mask
Divergence slit
Anti-scatter slit

0.04 rad
15 mm
1/2◦
1◦

Diffracted beam optics
Anti-scatter slit
Soller slit
Monochromator
Detector
Mode
Active length (2θ)

6.4 mm
0.04 rad
X’Celerator for Cu
PIXcel1D
Scanning line detector
3.347◦

Qualitative analyses were conducted with the PANalytical’s X’Pert HighScore Plus
program (version 4.0). The program rated different minerals based on how well they
fitted on the XRD pattern. The likely minerals contained by the sample were chosen
with the help of the score given by the program and prior knowledge of the sample and
reduction process. The quantitative Rietveld analyses were also performed with the same
software, using refinement steps presented in Table 5.3. This refinement strategy follows
the suggested steps by Taylor [12] and Young [17] while making some modifications.
The Caglioti parameters U and V and the thermal parameter B were only refined for
the most prominent phases in order to keep the refinement stable. Also, the structural
parameters x, y and z and anisotropic thermal parameters were left untouched because
they tended to cause problems during the refinement.
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Table 5.3. Refinement strategy used in this work.

Sequence
1
2
3
4
5
6
7
8
9
10

Refined parameters
Scale, specimen displacement (SD)
Flat background
More background
Scale, SD, lattice parameters (LP)
Scale, SD, LP, W
Scale, SD, LP, W , preferred orientation
Scale, SD, LP, W , V
Scale, SD, LP, W , U
Scale, SD, LP, W , V , U
Scale, SD, LP, W , B

Note: Parameters V , U and B only refined for major phases.
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6

Results and Discussion

Here, results from the image, qualitative and Rietveld analyses are presented and
discussed. Only image analysis results were available from Leikola’s samples so they
are naturally compared to the results of this work. For the Rietveld analysis, only the
results of this work are discussed.

6.1

Image Analysis

Image analysis results for all of Leikola’s samples are presented in Appendix C. It
is evident from Figure C1 that the metal content increases with the rising reduction
temperature. The CH4 content or reduction time does not seem to play major role in
the lower reduction temperatures (A and B sample set). At higher temperatures, the
methane content plays a more significant role when the reduction time is short (compare
C01, C07 and C13 or D01, D07 and D13), but has little impact when reduction lasts
longer.
Table 6.1 compares the metal content results between Leikola and this work. Figure
6.1 combines these numbers into a graph. From the graph, one can see the metal content
increases with the reduction temperature for both works’ samples. The increase is less
major when comparing C- and D-sets which is understandable since the temperature
difference is only 50 ◦ C. Leikola’s samples have a higher metal content across the board.
There are a number of possible reasons for this difference. The most probable cause is
the major difference in particle size. Figure 6.2 shows two micrographs of sample D16,
one from Leikola and from this work, both taken at x1500 magnification. Due to the
grinding done to ensure accurate XRD measurements, the particle size is considerably
smaller in this work. SEM micrographs from this work are more homogenized and
large, individual metal particles do not dominate the analysis, unlike in micrographs
from Leikola’s work. Particle size results for all this work’s samples can be found in
Appendix B. Another factor is that Leikola conducted the experiments with only one
gram of chromite concentrate, whereas five grams were used in this work. This increased
the thickness of the sample in the crucible which might have prevented the reduction
process to reach some parts of the powder. Thirdly, the chromite ore samples were
not homogenized which means some samples probably had significantly more reducible
chromite than others leading to variations in metal content. Fourth, but unlikely, cause
could be the dampness of the grinding pebbles which would have caused oxidation
during the grinding process. The pebbles were washed after each sample was ground in
order to prevent contamination of the next sample. Care was taken to ensure that the
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pebbles were dry before the next grinding but it is possible some dampness remained
and thus caused oxidation in the reduced powder leading to diminished metal content.
Also, with SEM micrographs one can only see a certain cross-section of the sample. If
another cross-section was chosen, maybe the results would have been different. This
applies for both Leikola’s samples and the ones produced in this work.
Table 6.1. Image analysis results including the metal content and the standard error (SE) for
Leikola’s and this work’s samples.

Sample

Leikola
Metal cont. [wt.-%]

SE [%-pt.]

A04
A10
A16

22.91
20.93
21.41

0.50
0.50
1.42

20.14
18.17
15.90

0.25
0.22
0.44

B04
B10
B16

32.90
35.79
28.91

0.59
0.68
0.42

26.17
22.92
26.18

0.65
0.55
0.39

C04
C10
C16

47.30
46.52
48.28

0.89
0.94
0.72

42.51
34.17
33.37

0.85
0.52
0.77

D04
D10
D16

51.75
58.17
18.651

1.11
1.66
1.22

39.25
38.47
38.13

1.41
0.80
0.76

1

This work
Metal cont. [wt.-%] SE [%-pt.]

Categorized as failed experiment by Leikola.

Figure 6.1. Metal content comparison between Leikola’s and this work’s samples. Metal content
is higher in all of Leikola’s samples.
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Leikola

This work

Figure 6.2. SEM micrographs of sample D16 from this and Leikola’s work. Both of the images
are taken at x1500 magnification. The particle size difference is major due to the sample grinding
done in this work to ensure accurate XRD measurements.

6.2

Qualitative Analysis

Figure 6.3 shows an example XRD pattern of sample B16 where the major spikes are
labeled. As can be seen, most of the spikes belong to the three major phases: chromite,
chromium carbide and spinel. The carbon spike around 26◦ includes at least three
different carbon phases which were identified to be graphene 2H and 3R as well as pure
carbon. The range 43-46◦ also includes other phases, such as iron and iron carbide,
buried under the chromite and chromium carbide spikes. All the identified phases are
listed in Table 6.2 with the chemical formula.
Table 6.2. All of the phases and their chemical formula identified by the HighScore Plus
program.

Phase

Chemical formula

Graphite 2H
Graphite 3R
Carbon
Chromite
Spinel
Forsterite
Chromium carbide
Iron carbide
Iron

C
C
C
Al0.06 Cr1.64 Fe0.78 Mg0.5 O4 Ti0.02
Al2 MgO4
Fe0.2 Mg1.8 O4 Si
Cr7 C3
Fe7 C3
Fe

Due to severe overlapping of the phase spikes, especially at around 43-46◦ , some
phases were likely missed during the qualitative analysis. Thus, some form of additional
and more accurate analysis would have been beneficial to identify these minor phases
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Figure 6.3. XRD pattern of the sample B16 where the major spikes are labeled.

which would have increased the accuracy of the Rietveld refinement.

6.3

Rietveld Analysis

The results from Rietveld analysis are presented in Table E1 in addition with the
R-values and goodness of fit. Figure 6.4 illustrates these results in a column graph. Note
that the carbon, mineral and carbide/metal content graphs combine the corresponding
phases listed in Table E1. Carbon content is around 25–35 weight percent in the A
and B sets, which were reduced in lower temperatures. The amount of methane does
not seem to affect the carbon deposition. In the higher temperature experiments (C
and D sets) the carbon content is highly affected by the experiment atmosphere but
the amount of carbon stays below or same as in the A and B sets, with the exception
of sample C16. Leikola [1] suspected that i) the carbon might deposit on the walls of
the furnace tube or the outer surface of the crucible in the higher temperatures or ii)
reduction process consumes more carbon as the temperature rises and thus the carbon
content is lower. Chromite content decreases as the reduction temperature increases, as
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it should, with the exception of samples D04 and D10. For these samples, the chromite
spikes are also visible in the XRPD patterns (Figures E5 and E6) but SEM-images
are very similar when compared to sample D16. This suggests that some oxidizing
happened during the XRPD sample preparation. Mineral content is not affected by
the experiment parameters and stays more or less the same across all samples. The
carbide/metal content follows the same trend with the image analysis results for this
work’s samples. The metal content rises when moved from A to B set but remains on
that same 30 % level with the C and D sets.
Carbon content

Chromite content

Mineral content

Carbide/metal content

Figure 6.4. Carbon, chromite, spinel and metal contents acquired from the Rietveld analysis.
Carbon content in A and B sets is not affected by the experiment conditions but is dependent on
them in C and D sets. Chromite content decreases when methane volume and test temperature
increases, although D04 and D10 samples show major chromite content. Mineral content is
hardly affected by the change in reduction parameters. Same goes for metal content which is
counter intuitive.

Figure 6.5 compares the metal content results acquired from the image and Rietveld
analysis and, for the most part, there is not a major difference between the two. Although,
Rietveld analysis shows much smaller metal content for the D04 and D10 samples but,
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as stated earlier, those samples were likely oxidized during XRPD sample preparation.

Figure 6.5. Comparison of the metal content obtained with the image analysis and Rietveld
refinement. For the most part, the difference between the two is around five percentage points,
although Rietveld analysis shows much smaller metal content for the C and D samples.

The expected R-values in Table E1 are quite low indicating that the XRPD data
was good but the weighted R-values are higher than expected. There are a couple of
reasons for this. Firstly, some phases were likely missed during the qualitative analysis,
making it hard for the Rietveld refinement to calculate an accurate pattern. Secondly,
not all parameters, like atomic positions and thermal parameters, were refined for the
minor phases to keep the refinement stable. These two reasons inflict inaccuracies to
the phase weight percentages. Rietveld analysis also stated that almost all of the metals
or metal carbides in the sample consisted of chromium carbide with only small traces of
iron carbide or pure iron. Leikola’s [1] findings contradict this. She analyzed the bright
phase visible in the SEM micrographs with EDS and found that it consists of 31 wt.-%
chromium, 47 wt.-% iron and 22 wt.-% carbon, on average. The amount of iron carbide
and iron picked up by the Rietveld analysis should have thus been higher. It could be
that the Rietveld method falsely identified all of the metal/carbide spikes in the XRPD
pattern to chromium carbide.
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7

Summary and Conclusions

The aim of this work was to determine the metal content of reduced chromite concentrate
using image and Rietveld analysis. The samples Leikola produced were used as a basis
for image analysis but since no sample powder was left for the XRDP measurements,
new experiments were conducted with the same parameters used in Leikola’s work. The
four reduction temperatures used were 1100 (A-set), 1200 (B-set), 1300 (C-set) and 1350
◦C

(D-set) and the three methane contents were 10, 20 and 30 volume percents with H2

balancing the amount to 100 %. Due to time constraints, only the reduction time of 60
minutes was used, unlike in Leikola’s work where a number of different reduction times
were examined.
Image analysis was conducted for SEM micrographs using a thresholding algorithm
written in MATLAB (R2016a). A total of four phases were separated from the micrographs and for each phase, a normalized weight percentage was calculated. Only the
phase consisting of metals and carbides was in the interests of this work so the rest of
the phases were not discussed. For the Leikola’s samples, the metal content was found
to steadily increase with the higher reduction temperature. The methane content or
reduction time did not seem to have an effect with the A or B sample sets where the
metal content stayed around 20–25 and 30–35 weight percent, respectively. With the
higher temperature C and D sets, the methane content and reduction time did play a
role. A shorter experiment time lead to lower metal content whereas higher methane
volume increased it. The effect of the methane content was especially noticeable at
shorter experiment times (see samples C01, C07 and C13 in Figure C1). The increased
methane volume did not, however, significantly increase the metal content when longer
reduction times were used. The metal content varied from 18 to 53 weight percent,
with one 66 wt.-% outlier, for the C set and from 16 to 65 weight percent for the D
set. Results for the samples produced in this work were lower across the board. The A
and B sets had metal content around 15–20 and 25 weight percent, respectively, and
the C and D sets 35–45 and 40 weight percent, respectively. The likely causes for the
differing metal content were i) smaller particle size of this work’s samples which created
a more uniform phase distribution and prevented large metal particles from dominating
the analysis and ii) a larger sample size used in this work which might have slowed
the reduction process. Overall, image analysis worked well for the samples in question.
The bright metal phase was easy to segment from other gray phases. Also, hundreds of
SEM micrographs were quickly analyzed with the algorithm. However, since the bright
area of the SEM micrograph includes all of the heavier metallic phases, they are always
analyzed as one bundled phase without an option for more broken down examination.
Rietveld refinement and phase composition analysis was performed with PANalytical’s
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X’Pert HighScore Plus program from the XRPD data. Metal content results from the
Rietveld analysis are quite close to those obtained from image analysis. The A, B and
C sets differed less than 10 percentage points and followed the same trend with the
image analysis results. The D04 and D10 samples showed metal contents significantly
lower in the Rietveld analysis. However, the chromite content in samples D04 and
D10 is very high, indicating problems during XRPD sample preparation which lead to
oxidizing of the metal phases. The Rwp -values were close to 11 % with the Rexp -values
being near 4 % for all of the samples. These values indicate good XRPD measurements
but not ideal Rietveld analyses. Major cause for this is a lack of accurate qualitative
analysis method. A more accurate knowledge of the mineral composition would have
likely increased the quality of the results gained from the Rietveld analysis. Another
factor was the low amount of parameters refined for the minor phases in order to keep
the refinement stable. Altogether, the Rietveld refinement is an effective quantitative
analysis method but it requires experience from the user. One has to precisely know
the chemical/mineral composition of the studied sample, have the experience to get
good XRPD measurements and have a deep knowledge of the utilized mathematics to
determine whether the obtained results are feasible. Also, the high amount of compounds
and impurities in these kind of mineralogical samples complicate the procedure and
make it more time consuming.
Metallization degree results for these laboratory scale experiments look promising.
Looking at the results, methane can be said to be an effective prereducing agent. Even at
lower reduction temperatures chromite was reduced significantly. Next locigal step would
be to increase the sample size of chromite from few grams to kilograms, and see if the
metallization degree stays similiar. Improvements for subsequent image analyses would
include automation of the SEM imaging process to increase the amount of analyzed
images. This way the whole sample could be imaged, reducing the chance that one
highly reduced or non-reduced area dominated the analysis. If the Rietveld method
is used, the chemical and mineralogical composition of the sample needs to be known
accurately. Also, the analyses should be performed by an experienced operator.
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A

MATLAB Code

MATLAB code used to analyze the SEM images is presented below:
clear all
close all
clc
% % Parameters
% Define a start path for faster folder selection .
startPath = ’ SOME PATH ’;
% Define crop area .
cropRect = [0 0 1024 691];
% Define the amount of threshold levels .
threshLevels = 3;
% Define material densities .
pSilic = 2;
pChrom = 4.8;
pMetal = 7.8;
% Define Excel save file name .
saveFileName = ’ Data . xlsx ’;
% % Specify the folder where the files live .
% Ask user to confirm or change top folder .
topLevelFolder = uigetdir ( startPath ) ;
if topLevelFolder == 0
return ;
end
% Start measuring runtime .
timeStart = tic ;
% Get list of all subfolders .
allSubFolders = genpath ( topLevelFolder ) ;
% Parse into a cell array .
remain = allSubFolders ;
listOfFolderNames = {};
while true
[ singleSubFolder , remain ] = strtok ( remain , ’; ’) ;
if isempty ( singleSubFolder )
break ;
end
listOfFolderNames = [ listOfFolderNames singleSubFolder ];
end
numberOfFolders = length ( listOfFolderNames ) ;
% Initialize counter to count total number of images processed .
t o talNumberOfImages = 0;
% % Get a list of all files in the folder with the desired file name
pattern .
for k = 1: numberOfFolders
% Get this folder and print it out .
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thisFolder = listOfFolderNames { k };
fprintf ( ’ Processing folder : % s \ n ’ , thisFolder ) ;
% Get JPG files .
filePattern = sprintf ( ’% s /*. jpg ’ , thisFolder ) ;
baseFileNames = dir ( filePattern ) ;
nu mb er OfImageFiles = length ( baseFileNames ) ;
% Preallocate
silic = zeros (1 , numberOfImageFiles ) ;
chrom1 = zeros (1 , numberOfImageFiles ) ;
chrom2 = zeros (1 , numberOfImageFiles ) ;
metal = zeros (1 , numberOfImageFiles ) ;
if num berOfImageFiles >= 1
% Go through all those image files .
for f = 1: numberOfImageFiles
fullFileName = fullfile ( thisFolder , baseFileNames ( f ) . name ) ;
fprintf ( ’
Processing image file : % s \ n ’ , fullFileName ) ;
% % Open and crop
I = rgb2gray ( imread ( fullFileName ) ) ;
I = imcrop (I , cropRect ) ;
% % Set threshold levels
level = [0 multithresh (I , threshLevels ) 255];
level (2) = [];
% Do thresholding again for the brightest part to
% separate metal and bright chromite .
bright = I ;
brightMask = I > level ( length ( level ) - 1) ;
bright (~ brightMask ) = 0;
level2 = huang ( bright ) ;
level = [ level (1: length ( level ) -1) level2 level ( length ( level ) ) ];
% Set len for convinience .
len = length ( level ) - 1;
% % Create masks
mask = cell (1 , len ) ;
for i = 1: len
mask { i } = ( level ( i ) < I ) &( I <= level ( i +1) ) ;
end
% % Segment image to subimages and calculate areas
copy = cell (1 , len ) ;
area = zeros (1 , len ) ;
for j = 1: len
copy { j } = I ;
copy { j }(~ mask { j }) = 0;
copy { j } = im2bw ( copy { j } , graythresh ( copy { j }) ) ;
area ( j ) = bwarea ( copy { j }) ;
end
% % Calculate normalized mass percentages
p = [ pSilic pChrom pChrom pMetal ];
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areaPercent = zeros (1 , length ( area ) ) ;
massPercent = zeros (1 , length ( area ) ) ;
normMassPercent = zeros (1 , length ( area ) ) ;
for n = 1: length ( area )
areaPercent ( n ) = area ( n ) / sum ( area ) ;
massPercent ( n ) = areaPercent ( n ) * p ( n ) ;
end
for m = 1: length ( area )
normMassPercent ( m ) = massPercent ( m ) / sum ( massPercent ) ;
end
% Gather data .
silic ( f ) = normMassPercent (1) ;
chrom1 ( f ) = normMassPercent (2) ;
chrom2 ( f ) = normMassPercent (3) ;
metal ( f ) = normMassPercent (4) ;
% Count the number of images processed .
totalNumberOfImages = totalNumberOfImages + 1;
end
% Calculate data and print to Excel spreadsheet .
data = [ mean ( silic ) std ( silic ) ( std ( silic ) /( sqrt ( length ( silic ) ) ) )
...
mean ( chrom1 ) std ( chrom1 ) ( std ( chrom1 ) /( sqrt ( length ( chrom1 ) ) ) ) ...
mean ( chrom2 ) std ( chrom2 ) ( std ( chrom2 ) /( sqrt ( length ( chrom2 ) ) ) ) ...
mean ( metal ) std ( metal ) ( std ( metal ) /( sqrt ( length ( metal ) ) ) ) ];
rowHeader = { thisFolder ( end -2: end ) };
xlswrite ( saveFileName , data , ’ Sheet1 ’ , strcat ( ’B ’ , num2str ( k ) ) ) ;
xlswrite ( saveFileName , rowHeader , ’ Sheet1 ’ , strcat ( ’A ’ , num2str ( k )
));
else
fprintf ( ’
Folder % s has no image files in it .\ n ’ , thisFolder ) ;
end
end
% Print the column headers to Excel spreadsheet .
colHeader = { ’ Silicate , mean ’ ’ Silicate , standard deviation ’ ...
’ Silicate , standard error ’ ’ Chromite1 , mean ’ ...
’ Chromite1 , standard deviation ’ ’ Chromite1 , standard error ’ ...
’ Chromite2 , mean ’ ’ Chromite2 , standard deviation ’ ...
’ Chromite2 , standard error ’ ’ Metal , mean ’ ...
’ Metal , standard deviation ’ ’ Metal , standard error ’ };
xlswrite ( saveFileName , colHeader , ’ Sheet1 ’ , ’ B1 ’) ;
% Stop measuring runtime .
timeEnd = toc ( timeStart ) ;
% Print some statistics .
fprintf ( ’\ nReady .\ n ’) ;
fprintf ( ’ Processed % d images in % d folders .\ n ’ ,...
totalNumberOfImages , numberOfFolders ) ;
fprintf ( ’ Runtime : % d minutes and %.1 f seconds .\ n ’ ,...
floor ( timeEnd /60) , rem ( timeEnd ,60) ) ;
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Function ’huang’ implemented the Huang’s thresholding algorithm:
function bestThreshold = huang ( I )
[ data , ~] = imhist ( I ) ;
data (1) = 0;
first = find ( data , 1) ;
last = find ( data , 1 , ’ last ’) ;
S = zeros (1 , last ) ;
W = zeros (1 , last ) ;
S (1) = data (1) ;
start = max ([2 first ]) ;
for i = start : last
S ( i ) = S (i -1) + data ( i ) ;
W ( i ) = W (i -1) + i * data ( i ) ;
end
C = last - first ;
Smu = zeros (1 , last - first ) ;
for j = 1: length ( Smu )
mu1 = 1/(1+ j / C ) ;
Smu ( j ) = - mu1 * log ( mu1 ) -(1 - mu1 ) * log (1 - mu1 ) ;
end
bestThreshold = 0;
% Ugly way to ensure bestEntropy is higher than the calculated entropy
at the start .
bestEntropy = 1.7976931348623157 E +308;
for threshold = first : last
entropy = 0;
mu2 = round ( W ( threshold ) / S ( threshold ) ) ;
for n = first : threshold
entropy = entropy + Smu ( abs (n - mu2 ) +1) * data ( n ) ;
end
mu3 = round (( W ( last ) -W ( threshold ) ) /( S ( last ) -S ( threshold ) ) ) ;
for m = threshold +1: last
entropy = entropy + Smu ( abs (m - mu3 ) +1) * data ( m ) ;
end
if bestEntropy > entropy
bestEntropy = entropy ;
bestThreshold = threshold ;
end
end
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B

Particle Size Distributions
A04

B04

A10

B10

A16

B16

Figure B1. Particle size distribution for samples A04, A10, A16, B04, B10 and B16.
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C04

D04

C10

D10

C16

D16

Figure B2. Particle size distribution for samples C04, C10, C16, D04, D10 and D16.
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C

Image Analysis Results from Leikola’s Work

Table C1. Experiment temperature, atmosphere, time and image analysis results (metal content
and standard error (SE)) for Leikola’s A and B sample sets.

Sample
A01
A02
A03
A04
A05
A06
A07
A08
A09
A10
A11
A12
A13
A14
A15
A16
A17
A18
B01
B02
B03
B04
B05
B06
B07
B08
B09
B10
B11
B12
B13
B14
B15
B16
B17
B18

T [◦ C]
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200

CH4 [vol.-%]
10
10
10
10
10
10
20
20
20
20
20
20
30
30
30
30
30
30
10
10
10
10
10
10
20
20
20
20
20
20
30
30
30
30
30
30

Time [min]
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120

Metal cont. [wt.-%]
13.84
25.80
25.74
22.91
22.05
20.97
29.29
25.58
29.19
20.93
20.89
19.55
27.80
23.95
24.44
21.41
20.42
17.82
23.64
31.20
35.03
32.90
31.24
28.53
34.24
32.73
32.17
35.79
38.12
28.82
31.40
31.36
31.01
28.91
31.80
27.97

SE [%-pt.]
0.49
0.77
0.56
0.50
0.70
0.55
0.74
1.20
0.93
0.50
2.02
1.49
0.63
1.04
1.04
1.42
2.12
1.03
2.12
0.61
0.90
0.59
0.70
0.74
0.65
0.69
0.78
0.68
1.02
0.51
0.56
1.01
0.36
0.42
0.59
0.67
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Table C2. Experiment temperature, atmosphere, time and image analysis results (metal content
and standard error (SE)) for Leikola’s C and D sample sets.

Sample
C01
C02
C03
C04
C05
C06
C07
C08
C09
C10
C11
C12
C13
C14
C15
C16
C17
C18
D01
D02
D03
D04
D05
D06
D07
D08
D09
D10
D11
D12
D13
D14
D15
D161
D17
D18
1

50

T [◦ C]
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350
1350

CH4 [vol.-%]
10
10
10
10
10
10
20
20
20
20
20
20
30
30
30
30
30
30
10
10
10
10
10
10
20
20
20
20
20
20
30
30
30
30
30
30

Time [min]
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120
10
20
30
60
90
120

Categorized as failed experiment by Leikola.

Metal cont. [wt.-%]
18.37
32.54
38.61
47.30
41.90
66.06
26.79
32.32
39.91
46.52
37.72
40.24
33.09
39.57
38.82
48.28
48.05
52.90
15.89
43.25
46.82
51.75
53.56
62.14
25.43
54.70
60.95
58.17
55.71
60.55
29.02
43.16
56.65
18.65
61.64
64.48

SE [%-pt.]
0.72
1.61
1.83
0.89
1.31
1.33
1.11
1.43
1.67
0.94
1.36
1.12
1.46
1.13
1.04
0.72
0.99
0.88
2.95
1.07
1.14
1.11
1.27
1.66
0.90
1.26
0.92
1.66
1.86
2.08
1.98
2.25
2.00
1.22
1.72
1.64

Metal content for Leikola’s samples

Figure C1. Graph of image analysis results from Tables C1 and C2. Each sample set is colored with a different color and the experiments done in the same
CH4 content are grouped together.
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D
D.1

SEM Micrographs
Leikola

Sample A01 (1100◦ C, 10 vol.-% CH4 , 10 min)

Sample A02 (1100 ◦ C, 10 vol.-% CH4 , 20 min)

Sample A03 (1100 ◦ C, 10 vol.-% CH4 , 30 min)

Figure D1. Example SEM micrographs for Leikola’s samples A01, A02 and A03.
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Sample A04 (1100 ◦ C, 10 vol.-% CH4 , 60 min)

Sample A05 (1100 ◦ C, 10 vol.-% CH4 , 90 min)

Sample A06 (1100 ◦ C, 10 vol.-% CH4 , 120 min)

Sample A07 (1100 ◦ C, 20 vol.-% CH4 , 10 min)

Figure D2. Example SEM micrographs for Leikola’s samples A04, A05, A06 and A07.
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Sample A08 (1100 ◦ C, 20 vol.-% CH4 , 20 min)

Sample A09 (1100 ◦ C, 20 vol.-% CH4 , 30 min)

Sample A10 (1100 ◦ C, 20 vol.-% CH4 , 60 min)

Sample A11 (1100 ◦ C, 20 vol.-% CH4 , 90 min)

Figure D3. Example SEM micrographs for Leikola’s samples A08, A09, A10 and A11.
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Sample A12 (1100 ◦ C, 20 vol.-% CH4 , 120 min)

Sample A13 (1100 ◦ C, 30 vol.-% CH4 , 10 min)

Sample A14 (1100 ◦ C, 30 vol.-% CH4 , 20 min)

Sample A15 (1100 ◦ C, 30 vol.-% CH4 , 30 min)

Figure D4. Example SEM micrographs for Leikola’s samples A12, A13, A14 and A15.
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Sample A16 (1100 ◦ C, 30 vol.-% CH4 , 60 min)

Sample A17 (1100 ◦ C, 30 vol.-% CH4 , 90 min)

Sample A18 (1100 ◦ C, 30 vol.-% CH4 , 120 min)

Sample B01 (1200 ◦ C, 10 vol.-% CH4 , 10 min)

Figure D5. Example SEM micrographs for Leikola’s samples A16, A17, A18 and B01.
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Sample B02 (1200 ◦ C, 10 vol.-% CH4 , 20 min)

Sample B03 (1200 ◦ C, 10 vol.-% CH4 , 30 min)

Sample B04 (1200 ◦ C, 10 vol.-% CH4 , 60 min)

Sample B05 (1200 ◦ C, 10 vol.-% CH4 , 90 min)

Figure D6. Example SEM micrographs for Leikola’s samples B02, B03, B04 and B05.
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Sample B06 (1200 ◦ C, 10 vol.-% CH4 , 120 min)

Sample B07 (1200 ◦ C, 20 vol.-% CH4 , 10 min)

Sample B08 (1200 ◦ C, 20 vol.-% CH4 , 20 min)

Sample B09 (1200 ◦ C, 20 vol.-% CH4 , 30 min)

Figure D7. Example SEM micrographs for Leikola’s samples B06, B07, B08 and B09.
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Sample B10 (1200 ◦ C, 20 vol.-% CH4 , 60 min)

Sample B11 (1200 ◦ C, 20 vol.-% CH4 , 90 min)

Sample B12 (1200 ◦ C, 20 vol.-% CH4 , 120 min)

Sample B13 (1200 ◦ C, 30 vol.-% CH4 , 10 min)

Figure D8. Example SEM micrographs for Leikola’s samples B10, B11, B12 and B13.
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Sample B14 (1200 ◦ C, 30 vol.-% CH4 , 20 min)

Sample B15 (1200 ◦ C, 30 vol.-% CH4 , 30 min)

Sample B16 (1200 ◦ C, 30 vol.-% CH4 , 60 min)

Sample B17 (1200 ◦ C, 30 vol.-% CH4 , 90 min)

Figure D9. Example SEM micrographs for Leikola’s samples B14, B15, B16 and B17.
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Sample B18 (1200 ◦ C, 30 vol.-% CH4 , 120 min)

Sample C01 (1300 ◦ C, 10 vol.-% CH4 , 10 min)

Sample C02 (1300 ◦ C, 10 vol.-% CH4 , 20 min)

Sample C03 (1300 ◦ C, 10 vol.-% CH4 , 30 min)

Figure D10. Example SEM micrographs for Leikola’s samples B18, C01, C02 and C03.
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Sample C04 (1300 ◦ C, 10 vol.-% CH4 , 60 min)

Sample C05 (1300 ◦ C, 10 vol.-% CH4 , 90 min)

Sample C06 (1300 ◦ C, 10 vol.-% CH4 , 120 min)

Sample C07 (1300 ◦ C, 20 vol.-% CH4 , 10 min)

Figure D11. Example SEM micrographs for Leikola’s samples C04, C05, C06 and C07.
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Sample C08 (1300 ◦ C, 20 vol.-% CH4 , 20 min)

Sample C09 (1300 ◦ C, 20 vol.-% CH4 , 30 min)

Sample C10 (1300 ◦ C, 20 vol.-% CH4 , 60 min)

Sample C11 (1300 ◦ C, 20 vol.-% CH4 , 90 min)

Figure D12. Example SEM micrographs for Leikola’s samples C08, C09, C10 and C11.
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Sample C12 (1300 ◦ C, 20 vol.-% CH4 , 120 min)

Sample C13 (1300 ◦ C, 30 vol.-% CH4 , 10 min)

Sample C14 (1300 ◦ C, 30 vol.-% CH4 , 20 min)

Sample C15 (1300 ◦ C, 30 vol.-% CH4 , 30 min)

Figure D13. Example SEM micrographs for Leikola’s samples C12, C13, C14 and C15.
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Sample C16 (1300 ◦ C, 30 vol.-% CH4 , 60 min)

Sample C17 (1300 ◦ C, 30 vol.-% CH4 , 90 min)

Sample C18 (1300 ◦ C, 30 vol.-% CH4 , 120 min)

Sample D01 (1350 ◦ C, 10 vol.-% CH4 , 10 min)

Figure D14. Example SEM micrographs for Leikola’s samples C16, C17, C18 and D01.
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Sample D02 (1350 ◦ C, 10 vol.-% CH4 , 20 min)

Sample D03 (1350 ◦ C, 10 vol.-% CH4 , 30 min)

Sample D04 (1350 ◦ C, 10 vol.-% CH4 , 60 min)

Sample D05 (1350 ◦ C, 10 vol.-% CH4 , 90 min)

Figure D15. Example SEM micrographs for Leikola’s samples D02, D03, D04 and D05.
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Sample D06 (1350 ◦ C, 10 vol.-% CH4 , 120 min)

Sample D07 (1350 ◦ C, 20 vol.-% CH4 , 10 min)

Sample D08 (1350 ◦ C, 20 vol.-% CH4 , 20 min)

Sample D09 (1350 ◦ C, 20 vol.-% CH4 , 30 min)

Figure D16. Example SEM micrographs for Leikola’s samples D06, D07, D08 and D09.
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Sample D10 (1350 ◦ C, 20 vol.-% CH4 , 60 min)

Sample D11 (1350 ◦ C, 20 vol.-% CH4 , 90 min)

Sample D12 (1350 ◦ C, 20 vol.-% CH4 , 120 min)

Sample D13 (1350 ◦ C, 30 vol.-% CH4 , 10 min)

Figure D17. Example SEM micrographs for Leikola’s samples D10, D11, D12 and D13.
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Sample D14 (1350 ◦ C, 30 vol.-% CH4 , 20 min)

Sample D15 (1350 ◦ C, 30 vol.-% CH4 , 30 min)

Sample D16 (1350 ◦ C, 30 vol.-% CH4 , 60 min)

Sample D17 (1350 ◦ C, 30 vol.-% CH4 , 90 min)

Figure D18. Example SEM micrographs for Leikola’s samples D14, D15, D16 and D17.
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Sample D18 (1350 ◦ C, 30 vol.-% CH4 , 120 min)

Figure D19. Example SEM micrographs for Leikola’s sample D18.
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D.2

This Work

Sample A04 (1100 ◦ C, 10 vol.-% CH4 , 60 min)

Sample A10 (1100 ◦ C, 20 vol.-% CH4 , 60 min)

Sample A16 (1100 ◦ C, 30 vol.-% CH4 , 60 min)

Figure D20. Example SEM micrographs for this work’s samples A04, A10 and A16.
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Sample B04 (1200 ◦ C, 10 vol.-% CH4 , 60 min)

Sample B10 (1200 ◦ C, 20 vol.-% CH4 , 60 min)

Sample B16 (1200 ◦ C, 30 vol.-% CH4 , 60 min)

Figure D21. Example SEM micrographs for this work’s samples B04, B10 and B16.
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Sample C04 (1300 ◦ C, 10 vol.-% CH4 , 60 min)

Sample C10 (1300 ◦ C, 20 vol.-% CH4 , 60 min)

Sample C16 (1300 ◦ C, 30 vol.-% CH4 , 60 min)

Figure D22. Example SEM micrographs for this work’s samples C04, C10 and C16.
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Sample D04 (1350 ◦ C, 10 vol.-% CH4 , 60 min)

Sample D10 (1350 ◦ C, 20 vol.-% CH4 , 60 min)

Sample D16 (1350 ◦ C, 30 vol.-% CH4 , 60 min)

Figure D23. Example SEM micrographs for this work’s samples D04, D10 and D16.
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E

XRPD Patterns and Rietveld Analyses
A04

A10

Figure E1. The measured XRD pattern (red dots) and calculated Rietveld pattern (blue line) for samples A04 and A10 in the top images and the difference
patterns of the measured and calculated profiles in the bottom images.
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A16

B04

Figure E2. The measured XRD pattern (red dots) and calculated Rietveld pattern (blue line) for samples A16 and B04 in the top images and the difference
patterns of the measured and calculated profiles in the bottom images.

B10

B16

Figure E3. The measured XRD pattern (red dots) and calculated Rietveld pattern (blue line) for samples B10 and B16 in the top images and the difference
patterns of the measured and calculated profiles in the bottom images.
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C04

C10

Figure E4. The measured XRD pattern (red dots) and calculated Rietveld pattern (blue line) for samples C04 and C10 in the top images and the difference
patterns of the measured and calculated profiles in the bottom images.

C16

D04

Figure E5. The measured XRD pattern (red dots) and calculated Rietveld pattern (blue line) for samples C16 and D04 in the top images and the difference
patterns of the measured and calculated profiles in the bottom images.
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D10

D16

Figure E6. The measured XRD pattern (red dots) and calculated Rietveld pattern (blue line) for samples D10 and D16 in the top images and the difference
patterns of the measured and calculated profiles in the bottom images.

Table E1. Carbon, chromite, spinel and metal/carbide percentage contents for each sample from the Rietveld analysis. Also included are the expected and
weighted R-values and goodness of fit (GoF ).

Graphite 2H

Carbon
Graphite 3R

Carbon

A04
A10
A16

16.30
23.20
2.80

8.90
1.20
5.10

2.30
0.80
27.10

31.80
24.40
17.70

20.10
18.60
27.90

B04
B10
B16

30.20
23.60
18.40

2.40
2.80
3.20

1.30
5.40
2.70

17.30
13.50
13.20

C04
C10
C16

2.90
16.30
9.00

3.00
2.40
5.40

10.10
13.20
28.50

D04
D10
D16

2.10
10.60
5.80

5.60
9.90
8.00

0.00
0.00
15.70

Sample

Carbide/Metal
Cr7 C3 Fe7 C3
Fe

Rexp

Rwp

GoF

2.00
8.40
5.10

15.30
21.80
13.50

2.10
0.30
0.20

1.20
1.30
0.60

4.07
4.07
3.88

11.23
11.81
10.40

2.76
2.90
2.68

13.70
19.20
19.20

8.70
6.50
10.60

19.70
26.70
30.70

4.00
0.80
1.10

2.80
1.40
0.90

4.16
3.91
3.89

10.52
11.02
9.78

2.53
2.82
2.51

7.30
3.70
2.00

32.20
23.60
17.50

8.70
9.70
7.70

25.90
28.90
27.50

5.40
1.00
0.40

4.40
1.20
2.10

4.24
4.20
4.19

9.24
10.25
11.56

2.18
2.44
2.76

30.20
15.40
0.10

27.80
34.50
33.40

9.60
0.00
1.70

13.80
18.80
30.10

3.50
7.80
2.30

7.40
3.00
3.00

4.19
4.17
4.13

11.21
13.24
10.35

2.68
3.18
2.51

Chromite

Mineral
Al2 MgO4 Fe0.2 Mg1.8 O4 Si
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