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Abstract
This research examines different methods of sample preparation, for microstructural
characterization of graphite particles. To this purpose, the graphite particles
contained in Compacted Graphite Iron are analyzed by Electron Backscattered
Diffraction technique.
Knowing the crystal orientation of graphite particles is important to understand how
its growth occurs. Until now, many theories have been presented without becoming
one predominant over the others (Stefanescu, Alonso, Larrañaga, De la Fuente, &
Suarez, 2016). Furthermore, by knowing the orientation of the crystals, the
interaction at the interface particle-matrix can be understood more clearly. This will
help to better comprehend the properties of the material, thereby improving the
design and manufacturing processes for pieces.
Four methods have been tested: Traditional sample preparation, Focus Ion Beam
(FIB) lithography, ion milling parameters simulation with FIB and brittle fracture. The
first two have not yielded any result; while the results obtained in the other two are
inconclusive due to lack of repeatability and that they are found in very few particles.
Therefore, the study of Broad Ion Beam, which is certainly the most promising of all
methods set, remains for future research.
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Cast irons can be differentiated by the shape of the graphite particles (Fig.1).

Figure 1: Cast Iron. (SinterCast)

Figure 2: %Nodularity in different cast irons.

While in ductile iron the nodularity 1 is very high (above 20% as seen in Fig. 2), in the
case of Compacted Graphite Iron (CGI) it has a value of 20% (SinterCast). The
shape of the particles in CGI is a mix of particles in form of “flakes” like in grey iron,
but in this occasion are shorter and with rounded ends (Fig.1 center) and some
spheres. The rounded ends rise to a lower stress concentration and increasing
mechanical properties. Another difference is that CGI has the “flakes” connected in a
3D network that seems like a “coral”. All of this results, theoretically, in stronger
adhesion between the iron matrix and the graphite phase; which eventually makes
the crack initiation more difficult and improves the mechanical properties. (SABAGH,
2011)
The key for obtaining one or another structure, as shown in Fig 2, is the percentage
of magnesium present in the alloy (aside from the Mg addition, the same effect can

1

Nodularity: it is the ratio of spherical particles to number of carbon particles
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be got with Ce or lanthanides). This percentage allows a “window” of action between
0.008 and 0.015% (Dawson & Schroeder, 2004).
The technique applied for studying the CGI is the Electron Backscattering Diffraction
(EBSD). EBSD technique is based on the analysis of diffraction patterns, also
knowns as Kikuchi patterns (Fig. 3), which are directly related with the reticular
structure of the crystalline solids. These lines are bands of high intensity obtained by
diffraction of backscattered electrons. These electrons interact with atoms located in
the atomic planes, favored by Bragg’s law, making them generate diffraction.
(Maitland & Sitzman, 2007)

Figure 3: Kikuchi patterns

To make the study, different samples have been prepared in different ways in order
to find an optimal path to index the graphite particles. To this end, they have been
prepared: by traditional sample preparation, by lithography using a Focused Ion
Beam (FIB), simulating the parameters of an ion milling using a FIB and submerging
the sample in liquid nitrogen to get a brittle fracture.
As it will be shown later, these graphite particles are very difficult to index due to their
low density and small atomic number which leads to a low backscattering ratio
(explained after).
From all the tested methods, two have been successful but partially. Simulating in
FIB gave some isolated patterns in some areas of one particle and the sample
prepared by submerging in liquid nitrogen followed by brittle fracture had some good
areas to study. Therefore, new methods are needed and the hope is in Broad Ion
Beam technique, which could not be used due to unavailability.
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2.1. Bragg’s law
In order to describe the Bragg’s law, one can imagine diffraction originated by
imaginary “mirrors” formed by the atomic planes in the crystal lattice defined by their
Miller indices. Due to the repetitive nature of crystals, these planes are separated by
a constant distance d.

Figure 4: Bragg’s law. (Centro Superior de Investiaciones Cientificas)

When both beams, with a wavelength of λ, arrive onto the both imaginary planes in
phase, with an incidence angle θ, they create a wave front.
To have a constructive reflection, it is necessary that, after reflection, both beams
continue in phase and this only occurs when the difference between the paths
followed by both wave fronts (FG and GH in Fig.4) be integer times the wavelength.

It means:
𝐹𝐹𝐹𝐹 + 𝐺𝐺𝐺𝐺 = 𝑛𝑛𝑛𝑛

but:

𝐹𝐹𝐹𝐹 = 𝐺𝐺𝐺𝐺 and 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 =
𝐹𝐹𝐹𝐹 = 𝑑𝑑 sin 𝜃𝜃

so:

this is Bragg’s law.
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2𝑑𝑑 sin 𝜃𝜃 = 𝑛𝑛𝑛𝑛

𝐹𝐹𝐹𝐹
𝑑𝑑

(1)
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However, if θ doesn’t satisfy the equation, the wave fronts in the output won’t be in
phase. In this case, the emergent beams annihilate each other, which result in a very
low (or no) signal. (Centro Superior de Investiaciones Cientificas)

2.2. Scanning Electron Microscope (SEM)
Scanning Electron Microscope (SEM) is an electronic microscopy technique able to
reproduce high definition images from the surface of a sample using electronmaterial interactions. It uses a high energy electron beam instead of a light beam for
creating the image; this is due to the smaller wavelength in the electron beam which
enables to enter in the material. The interaction of this beam with the specimen will
produce various effects resulting in the emission of different signals. The emitted
electrons interact with specimen atoms and are significantly scattered by them. Most
of the energy of the electron beam will be lost by transforming in an increase of the
temperature of the sample due to the vibration of the particles; however, before the
electrons come to rest, they undergo two types of scattering: elastic and inelastic.
(Egerton, 2005)
This interaction results in emission of different signals (Fig.5):
•

Auger electrons (20-2000eV)

•

Backscattered electrons (>50eV)

•

Secondary electrons (<50eV)

•

X-ray (500-40000eV)

12
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Figure 5: SEM products (University of Arizona)

2.3. Back-scattered electrons
Due to the inelastic interaction, secondary electrons are produced. When the emitted
electrons, impact with the electrons in the outer layers of the atom, these last ones
can be ejected. If these secondary electrons are very close to the surface, and their
energy is higher than the surface energy, they go out from the sample and can be
collected by the detector.
In elastic scattering, the electron trajectory changes after the collisions, but its kinetic
energy and velocity remain practically constant. If the trajectory changes more than
90º (no necessary in the first bounce) then the primary electron leaves the sample.
This process is known as electron backscattering, and it is the one interesting for the
current analysis. (Egerton, 2005)

2.3.1. Relation to atomic number
One of the variables to consider, when trying to index a material, is the ratio of
backscattered electrons to number of incident electrons (η). At high beam energies
from about 50keV to the existing maximum reached experimental energy (22MeV) η
is dependent on the kinetic energy of the electron, in addition to Z. (T.Tabata, R.Ito
and S.Okabe, 1971)
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For samples with Z≥6 in this range of energy:
𝜂𝜂 =

𝑎𝑎1
(1 + 𝑎𝑎2 𝜏𝜏 𝑎𝑎3 )

(2)

where ai is a parameter dependent on Z and being τ is the kinetic energy.
In the case of SEM, the values of energy are less than this range, so a semi
empirical equation has been developed for determining η:
η = 2−𝑝𝑝

(3)
1

𝑝𝑝 = 9.8 · 𝑍𝑍 −2

(4)

Chart 1: η vs. Z

0,450
0,400
0,350
0,300
η

0,250
0,200
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0,000
1
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16
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26
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36

41

46

Z

As it can be seen in Chart 1, the function reaches the maximum near 0.5, so as
maximum only half of the primary electrons can be backscattered (0.535 for
Ununoctium, Z=118).
Calculating for the two main elements of the studied material, it is obtained:
•
•

C (Z=6) => η = 0.06

Fe (Z=26)=> η = 0.26

So it can be concluded that iron is indexed better than C (four times more emission),
as it has been proved by experiments too.
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2.3.2. Relation to acceleration voltage and spot diameter
Accelerating voltage (kV) determines voltage difference applied to the filament for
accelerating primary electrons in the incident beam. This also affects the interaction
of the electrons with the sample and the chance of generating back-scattering
electrons. Must take into account that if large values of kV are applied, the
degradation of the studied area is increased and the penetration of the electrons is
deeper, thereby the chance of emitting secondary electrons is reduced since only the
electrons near to the surface are able to be backscattered. However, if low values
are applied, the image will have lower resolution being more difficult to process.
(Laboratorio de Microscopía Electrónica UAM)
Spot diameter controls the number of electrons in the beam; bigger diameters give
more quantity of electrons. For getting high resolution images in specific zones the
spot has to be as smaller as possible. For microstructural studies larger values are
recommended, since the larger the number of interacting electrons, the higher the
chance of back-scattered electrons. This parameter is also influenced by the kV; low
values of kV need larger spot for giving a reasonable signal. (Laboratorio de
Microscopía Electrónica UAM)

2.3.3. Interaction volume of electron beam.
The combined effect of elastic and inelastic interactions limits the penetration of the
beam into the solid. The region of interaction between the solid and the beam is
known as the interaction volume (Fig. 6).

Figure 6: Interaction volume (Zhang, Zhou, & Lu, 2007)
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Using a Monte Carlo electron trajectory simulator, it is easy to visualize the
interaction volume for any material. A large number of trajectories, typically of 10,000
to 100,000 electrons in the beam must be calculated to achieve statistical
significance. The use of this program will be explained later.

The size and shape of the interaction volume is limited by two factors:
(1)

Energy loss through inelastic interactions

(2)

Electron loss or backscattering through elastic interactions.

The resulting excitation volume is a semi-spherical region “pear form” with the neck
of pear at the specimen surface. The depth of penetration of an electron beam and
the volume of the sample with which it interacts are a function of its angle of
incidence, the magnitude of its current, the accelerating voltage, and the average
atomic number (Z) of the sample (Fig. 7). (Montanta State University, 2012)

Figure 7: Effect of energy and atomic number (Z) on the interaction volume

Electron penetration depth generally ranges from 1-5 μm with the incident beam
perpendicular to the sample.

2.3.4. EBSD optimization for graphite.
As a summary of all the things explained before, it can be concluded that:
•

The low atomic number of the Graphite (Z(C)=6) makes it difficult to obtain
signal using the EBSD technique (four times lower emission than iron).

•

As only electrons close to the surface are the ones doing backscattering, the
higher the acceleration voltage, the harder to obtain data due to electrons
penetrate deeper in the sample. On the other hand, due to poor image

16
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resolution it is not possible to work with very low voltages (e.g. 5kV); therefore
10kV is recommended as the optimum value...
•

The larger the spot diameter, the more number of electrons is emitted to the
sample. The issue is that larger spots reduce image resolution. So a diameter
of 5-7 (indeterminate units in the SEM) is big enough without losing image
quality.

2.4. EBSD
EBSD technique is relatively recent. It is used for obtaining information about
crystallographic parameters of the materials. Using this technique the only result is
the crystallographic orientation of the planes. Some other parameters like texture
(most common grain orientation), size and distribution of the grains, number and kind
of phases, disorientation between two or more grains, etc. can be obtained after post
processing with a specific program.
This technique can be adapted for both SEM and TEM, which provide the electron
beams that generate the back-scattered electrons in the sample. (Zhou & Wang,
2007)

2.4.1. Electron diffraction
Backscattered electrons that generate diffraction favored by Bragg’s law (explained
before, section 2.1) generate two diffracting cones (Fig. 8). When the cones reach
the phosphorous screens, they form a pair of hyperbolic segments (Kikuchi patterns
in Fig. 8) and every pair of these segments represents one particular crystallographic
plane.

Figure 8: Kikuchi patterns generated by backscattered electrons (Grajales)
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The distance between this segments are inversely proportional to d (interplanar
distance) and also depends on the working distance (microscope parameter, it’s the
gap between the lowest point in the pole piece and the object in focus). (Grajales)

The interesting fact about Kikuchi patterns is that the angle between two pairs of
bands is proportional to the angle between the planes that both bands have
associate. Since these angles are known the crystallographic indices of the planes
can be determined. The intersections between several pairs of bands are known as
poles. These poles represent important crystallographic directions common to
several planes.

2.5. Nucleation and growth of graphite
Graphite has a hexagonal close-packed (HCP) crystal structure. HCP structures are
defined by four axes, a1, a2, a3 in the basal plane and c, perpendicular to the base
(Fig. 9).

Figure 9: HCP structure (Hazell, Appleby-Thomas, Wielewski, & Escobedo, 2014)

The way to get one of the morphologies (Nodular, Compact or Flake graphite) or
other depends on two main factors: impurities and cooling ratio. In the absence of
impurities and with low cooling ratios, graphite nucleates and grows into one initial
unit cell by dendritic growth. The layers stack until a certain time, in which they start
to bend and to expand, becoming a sphere (Fig.10 SG). If a very pure liquid is in
vacuum, it is possible to get this morphology even at high cooling ratios (Dhindaw &
Verhoeven, 1980). That is why it is believed that the fundamental form of the graphite
is the sphere. An example of this is showed in Fig. 11, where platelets that have

18
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grown radially can be observed. That particle has been captured after causing a
brittle fracture to a billet of material submerging it in liquid Nitrogen.
A
A
A

Lamenar growth
A

C
C
C
A
A
C

A
A

Spheroidal growth

SG

CG

FG

Figure 10: Different growths of Graphite (Lopez, 2016)

Impurities like S, Al, O, and Ti… tend to deposit in the unsaturated edges of the basal
planes. Their deposition prevents the growth in the a- direction and results in the
stack of graphene layers. The produced lamellar zig-zag growth is parallel to the
eutectic cells growth, which creates the metastable flake structure (FG in Fig. 10). In
Fig. 12 the coral like structure can be observed, this structure is very close to the
spheroidal particle in Fig.11 and both are in the same sample (Fig. 20).
The spheroidal growth is controlled by a diffusive process, which is time dependent.
So if high cooling rates are applied, carbon has no time to diffuse. This results in a
lamellar growth even with low percentages of impurities.
A special case is compact graphite (CG in Fig.10). This morphology is produced due
to the presence of low quantities of Mg in the molten alloy. Mg reacts with impurities
avoiding them to deposit in the graphite structure. The higher the amount of Mg, the
lower the presence of impurities in the structure so more spheres grow (Stefanescu,
Alonso, Larrañaga, De la Fuente, & Suarez, 2016)

Figure 11: Nodular graphite
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Figure 12: Coral like structure
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3. EXPERIMENTAL SET-UP
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3.1. Simulation (Monte Carlo Casino)
In order to stablish the best possible parameters for getting better results during the
SEM+EBSD observation of the samples, it was decided to perform simulations of
atomic interactions using the Monte Carlo method. According to Oxford Dictionary
(Oxford University Press, 2016) Monte Carlo: A technique in which a large quantity of
randomly generated numbers is studied using a probabilistic model to find an
approximate solution to a numerical problem that would be difficult to solve by other
methods.
The program used for running the simulations has been Monte Carlo Simulation of
Electron Trajectory in Solids (CASINO) (Fig. 13).

Figure 13: Example of simulation

In addition, this program allows setting the usual SEM parameters to get an idea of
what is going to be obtained.
Several simulations have been run with different parameters for both carbon (chart 2)
and iron (chart 3); the desired configuration is one that gives the higher backscattered ratio as explained in section 2.2.1. (number of simulated atoms: 100.000,
spot size = 7 nm):
Chart 2: η ratio in C

C

23

Tilt\kV

5

10

15

0
20
45
70
80

0,048
0,054
0,115
0,341
0,511

0,036
0,042
0,102
0,338
0,509

0,039
0,045
0,106
0,340
0,516
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Chart 3: η ratio in Fe

Fe
Tilt\kV

5

10

15

0
20
45
70
80

0,253
0,269
0,361
0,553
0,661

0,258
0,275
0,376
0,565
0,678

0,255
0,273
0,379
0,574
0,682

For making these charts the concept of tilt is introduced. The samples in the vacuum
chamber have to be orientated at 70º-75º relative to the normal incidence of the
electron beam to get the best signal in the detector (Fig. 14) (Grajales). This is made
in order to reduce the distance traveled by the electrons. A short travelling distance is
favorable because it reduces the number of electrons that are reabsorbed by the
sample.

Figure 14: Tilt concept

However, or by imprecision of the program or by improper handling of the same the
results obtained by simulations are not satisfactory. The main problem is the variation
of the ratio with the tilt is bigger than the expected. So the usable results are only the
ones at 0º tilt because they are compatible with the values calculated based on the
equation (2) in section 2.3.1.
Following the criterion stablished at the beginning (higher η ratio), the better
parameter for graphite is an accelerating voltage of 5kV, which is in agreement with
the theory stablished before.
Other simulation was performed to study the influence of the spot diameter. The
parameters of this simulation are as follow (5 simulations per diameter): 5keV,
100.000 e and tilt=0º.
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Chart 4: Influence of spot diameter

Spot (nm)

η

5
7
10

0,04888
0,04867
0,04892

The results of different spot diameter are very similar. However, a bigger spot size
results in a slightly higher ratio of backscattered electrons.
Other factor explained in the introduction is the effect of accelerating voltage on the
depth of penetration of incident beam. The simulator can be used to obtain some
data for comparing the penetration depth in iron and graphite particles for different
voltages. Using the median 2 as a parameter:
Chart 5: Depth of penetration of the particles

V (V)
5
10
15

C Depth (nm)
191'43
651'22
1343'47

Fe Depth (nm)
60'05
183'95
361'30

As it was explained before, the increase of Z reduces the interaction volume; more
than three times bigger the depth in C than in Fe. Also, it can be observed that by
increasing the voltage the electrons travel deeper in the sample (Chart 5).

3.2.

Traditional Sample Preparation

As the first approach to prepare the samples for EBSD measurement, the traditional
sample preparation technique was employed.

The process for preparing the samples was as follows:
-Cutting
-Grinding
-Polishing

2

Median: value that separates the higher half of a data sample from the lower half. (Oxford University Press,
2016)
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-Cutting
The material was received in billets, so it was necessary to cut them in smaller
pieces (Fig.15). For this process, a metallographic cutter equipped with cutting discs
made of Al2O3 was used, as show in Fig. 16. During cutting process, the cutting discs
were cooled by running water.

Figure 15: Billet of material

Figure 16: Metallographic cutter.

-Grinding
To perform a good EBSD measurement, the sample needs to be as flat as possible.
So, after cutting, a grinding process is needed. This process was done using a
metallographic grinder as show in Fig. 17. The silicon carbide grinding paper is
cooled and cleaned by water. After each step of grinding, a grinding paper with finer
particles and longer times were used (Chart 6). In order to avoid marks in a dominant
direction, the sample was rotated between each two steps of grinding.

26
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Chart 6: Grinding times

Particle size

Time(s)

80

5

180

5

320

20

800

30

1200

60

Figure 17: Metallographic grinder machine

-Polishing
The last process was polishing. The polishing machine is as shown in Fig. 18. It
allows doing a manual or automatic sample preparation. For this case, manual was
selected because it was only one sample so no holder was needed. The specimen
was polished with slurry of alumina on a napless cloth to produce a scratch-free
mirror finish, free from smear, drag, or pull-outs and with minimal deformation
remaining from the preparation process. The process was completed in 20 minutes.

Figure 18: Polishing machine
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After the three steps the sample is ready for EBSD analysis. The SEM used is shown
in Fig.19. The results obtained will be explained later.

Figure 19: SEM with EBSD

According to the characteristics of the employed SEM (University of Adelaide):
The FEI Quanta 450 is a High Resolution Field Emission Scanning Electron
Microscope capable of operation in three different modes:
•

Environmental SEM (ESEM)

•

Low Vacuum

•

High Vacuum

ESEM mode allows in situ imaging of wet samples, which is ideal for plant material
and other biological specimens. It can also be used for in situ observation of
processes such as hydration and dehydration, corrosion and crystallization.
Low vacuum mode allows for imaging and characterization of nonconductive
samples.
High vacuum mode allows for high resolution imaging of surface topography (up to
1000000 x magnifications).

3.3. Brittle Fracture.
In the absence of results by the above method it was decided to try to analyze the
surface after brittle fracture. The idea behind this approach is that the brittle fracture
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exposes graphite particles without deformation (unlike the previous sample
preparation method) increasing the chance of getting patterns during EBSD
measurement.
To ensure a brittle fracture, a billet of material was submerged in liquid nitrogen. The
billet had a precut and a small crack made with a hacksaw to ensure the crack
propagation direction and to facilitate breaking. After 30 minutes in liquid nitrogen,
the billet was clamped in a vise and broken with a hammer. The resulting piece is
showed in Fig. 20.

Figure 20: Sample after brittle fracture

The results of this sample will be explained and analyzed later.

3.4.

FIB+EBSD

Sample preparation by FIB was done with 2 different approaches.
The first approach was realized using some configuration for the FIB founded in
different bibliographies. Two perpendicular surfaces of the sample were prepared
with the technique explained in section 3.2, to prepare an orthogonal edge.
Once the sample was in the SEM, five graphite particles were selected (all close to
the edge and with a diameter around 40μm) (Fig.21) and exposed to the radiation at
different currents and different times:

29

Master dissertation 2016

Fernando Morán Zarza

Figure 21: Particle attack scheme

-Graphite I (small face): 30kV; 0,3nA; 20s
-Graphite II (large face): 30kV; 7nA; 20s
-Graphite III (small face): 30kV; 7nA; 15s
-Graphite IV (large face): 30kV; 7nA; 15s
-Graphite V (large face): 30kV; 20nA; 5s
When the process was finished the sample was subjected to EBSD in the SEM. Data
will be commented later. The areas marked are the ones that were exposed to the
beam, some particles were completely exposed while others just some small area.

The second approach was employed after finding one publication (Palasse &
Grünewald) where it was mentioned that the indexation of graphite is possible after
sample preparation by BIB Due to unavailability of a BIB, it was decided that the
conditions of the BIB would be simulated using a FIB. By taking several factors into
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account (like number of beams, atomic mass of the ions…) it was possible to
emulate the process.
For this purpose chart 6 was created. The data for BIB (Ar+) 3 and Ga3+ (calculated for
simulating in the FIB) are presented in the second and third column, respectively.
Chart 6: Equivalences for simulation

Ar+

Ga3+

V(V)

6,00E+03

1,15E+03

q

1

3

m(g)

6,6317E-23

1,15737E-22

I(mA)

2,6

1,56

A (mm^2)

0,8

0,4
0,4

Spots
number

3

1

where V is accelerating voltage, q is quantity of ions, m is mass, I is current and A is
the area affected.

The way to stablish the equivalences is as follow:
-For calculating the accelerating voltage it is supposed that in both cases the graphite
particle has to receive the same momentum by the beam.
The momentum formula is:

where m is mass and v is velocity.

𝑝𝑝 = 𝑚𝑚 · 𝑣𝑣

(5)

As the ion velocity is directly related to the accelerating voltage in the same way in
both techniques, it can be concluded that:
(𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵 · 𝑞𝑞𝐵𝐵𝐵𝐵𝐵𝐵 ) · 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵 = (𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹 · 𝑞𝑞𝐹𝐹𝐹𝐹𝐹𝐹 ) · 𝑉𝑉𝐹𝐹𝐹𝐹𝐹𝐹

(6)

where q is the number of ions.

Every ion in the BIB is equal to three in the FIB, therefore:
𝑉𝑉𝐹𝐹𝐹𝐹𝐹𝐹 =

1 · 𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵 · 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵
3 · 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹

(7)

-For the current, assuming the same spot diameter in every beam, and needing the
same ion flux for both approaches:

3

The BIB values have been provided by the authors.
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𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 · 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑛𝑛𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵 · 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑛𝑛𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵
=
𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹
𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵

(8)

So just knowing the size of the area (A) affected by the FIB, the current for
generating the same effect in both cases are easily calculated.

In this occasion, the sample was prepared as explained in section 3.2 but only in the
large face. Three graphite particles were selected and exposed to different currents
for different times, all close to the edge. For evaluating the process, pictures were
taken almost every 15 minutes.
-Graphite I(b): 5kV; 70pA; 45 minutes. (Fig. 22)
-Graphite II(b): 5kV; 0’12nA; 25 minutes. (Fig. 23)
-Graphite III(b): 5kV; 0’23nA; 35 minutes. (Fig.24)

Figure 22: Graphite I(b)

Figure 23: Graphite II(b)

Figure 24: Graphite III(b)

The results will be presented later.
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4. RESULTS
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4.1. EBSD Results
In the simple sample preparation and observation, all the results were negatives.
Several configurations were tried, changing emission parameters in the SEM but in
every try, a black image was the answer. The particles studied were randomly
selected all around the surface prepared. The only condition was a round particle
with a diameter close to 40μm.
The tested parameters were:
-Accelerating Voltages: 5kV, 10kV, 15kV
-Spot diameter: 5, 7, 10.
These parameters were tested because they are the same as in the Monte Carlo
simulation. None of these configurations resulted in EBSD patterns from graphite and
therefore the simulations couldn’t be verified.
As example, Fig. 25 shows clearly how the graphite (black circles) is inside the iron
matrix. The black color of graphite is an indication of no (indexable) EBSD pattern.
This image was obtained with a voltage of 10kV and spot diameter of 7.

Figure 25: Orientation map after traditional sample preparation.

So this approach is rejected for future measurements.
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4.2. Brittle fracture results.
To avoid surface corrosion, after brittle fracture the samples were immediately
analyzed in the SEM and for first time some patterns were obtained from the graphite
particles.
Fig. 26-28 show some of the graphite particles that gave patterns. Except one area in
Fig. 26 that gave a lot of indexable pixels, the rest are few isolated points in the
surface. In addition to this, most of the particles give no result due to the rough
surfaces. Since the fracture surface is not flat, shadows are inevitable (Fig. 30).
Furthermore, the fact that the angle between the sample surface and the EBSD
detector is undeterminable is problematic for calculating the indices of the
crystallographic planes in the patters. Some examples of these patterns are
presented in Fig. 29. They are not as clear as the ones got from the matrix but they
are big achievements. All the particles were analyzed using the same configuration in
the SEM (i.e. 15kV and a spot diameter of 5).

Figure 26: Particle 001 and analysis
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Figure 27: Particle 001 and analysis

This particle is the only one that gave some result that can be studied in a bit more
details. It has two interesting areas (zones green and purple in Fig. 26) with a lot of
points with a common orientation without dissonant points nearby. Also blue, orange
and pink zones have points that could indicate a radial crystal growth in accordance
with the theories explained in section 2.5. However, due to the lack of statistics,
these results cannot be used to prove/reject the graphite growth theories. Moreover,
if the zone is very thin and located in the border of the particle the obtained results
could come from the iron matrix instead of the graphite particle.
In the other two particles, although the EBSD patterns have been collected, but due
to the surface roughness the nearby pixels do not have the same orientation.
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Figure 28: Particle 002

Figure 29: Particle 003

Figure 30: Example of patterns obtained in particle 001.

Figure 31: Shadows covering the patterns
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This approach is promising, but the results are not always reproducible and depend
on the chosen graphite particle and its surface quality.
Thanks to this approach the spheroidal particles could be observed without
mechanical deformation. Most of the particles remained intact or disappear
completely (Fig. 31), and only a few were broken (Fig. 11).

Figure 32: Spheres observed after brittle fracture

4.3. FIB Results
As it was explained in section 3.4, FIB was performed with two different approaches;
the first just making an exposure to the beam with different parameters and the
second trying to simulate the exposure to a BIB.
The Fig.32-36 are the results obtained by the first approach. As it can be seen, there
is no response from the particles; the patterns in the matrix are just for checking the
surface. Long time exposures to the beam can spoil the surface making impossible to
get patters even in the matrix, that’s the reason for checking.
The presented spot patterns are representatives of the entire areas that were
subjected to the focused ion beam. These images were obtained using a
configuration of: 10kV and spot 7.
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Figure 33: Graphite I

Figure 34: Graphite II

Figure 35: Graphite III

Figure 36: Graphite IV

Figure 37: Graphite V
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The second approach was a bit more successful. Some small zones (and not the
entire area) of only one out of three tested samples resulted in diffraction patterns
(Fig.37). The other two showed no response (Fig. 38-39). As the only one which
gave response was the one with longer exposure times, it can be concluded that
longer exposure time at lower currents are beneficial for obtaining reasonable EBSD
patterns from graphite. However, this needs to be confirmed with more detailed
experiments. All the pictures were taken with 10kV and a spot diameter of 5.

Figure 38: Graphite I(b) and analysis.
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As it can be observed in Fig. 37, the obtained crystal orientations are very random. If
there are some points with a defined orientation, always other points with completely
different orientations appear very close to them. This leads to the question about the
correctness of the measurements. However, comparing with the previous approach
(which ended with no results) this is a significant improvement. Since no results were
obtained from the other particles (Fig. 38-39), they will not be discussed in this work.

Figure 39: Graphite II(b)

Figure 40: Graphite III(b)
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5. CONCLUSIONS
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-The fact that none of the employed methods have given some conclusive results
reinforces one of the first proposed ideas; graphite has a low ratio of backscattering
electron making very difficult to get results.

-The traditional sample preparation is just an intermediate step and never can be
used for obtaining results from graphite.

-Simulation is a good starting point; however, the experiments didn’t show a big
difference while different parameters were used.

-Brittle fracture has given the best results because the analyzed particles did not
suffer mechanical deformation like in the case of FIB (very small but sufficient).

-Brittle fracture is not a recommended method due to lack of repeatability in the
results, although it gave positive results.

-As it was seen in Fig. 11, it seems that the theory of radial growth for graphite
spheres (as it has been explained in the paper (Stefanescu, Alonso, Larrañaga, De la
Fuente, & Suarez, 2016)) can be assessed experimentally. The large number of
cavities observed between the platelets is consistent with growth of foliated
dendrites.
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6. FUTURE PLANS
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Due to lack of time to do more analysis and the absence of the appropriate machine
at University, the most promising approach was not realized. Lithography using a
Broad Ion Beam (BIB) could be the solution to the problem of indexing graphite.
While is true that in the mentioned paper (Palasse & Grünewald), authors say that
they got results, a deeper study is necessary for checking all the possibilities.
Besides, the procedure was not very clear or duly explained, so could be a field for
future working.

Other approach that need more study is the brittle fracture. Some good results were
obtained using this technique but it needs the development of a method that ensures
results more frequently.

And the last approach is the FIB simulation of BIB. With this method and doing more
tests to find a proper exposure time can be achieved results that might be interesting.
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