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Abstract: Dispersoids formed during rapid solidification of a quaternary Al-Fe-Mn-Si
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Preface

Aluminum alloys exhibit several valuable features such as strength, low density and a
good corrosion resistance. They are broadly used in aerospace and automobile
industries. Consequently, new demands for further improvement of their mechanical
and physical properties appear [1,2]. A crucial role in influencing the strength,
hardness, recrystallisation or evolution of texture of the material is played by
dispersoids - finely dispersed particles of other phases in aluminum matrix. Their
distribution, size and volume fraction depend on a chemical composition and
preparation methods of the alloy. Optimization of processing conditions for a further
enhancement of materials strength and hardness is currently of a great interest [3,4].

Identification of a crystallographic structure of particles, their orientation and a
statistical distribution in the material can help to better understand processes affecting
a phase composition of the material and reasons for altered properties observed in this
type of material. An analysis of the structure is usually done by transmission electron
microscopy (TEM) by an interpretation of diffractograms obtained in a selected-area
electron diffraction (SAED) mode. However, this method is laborious and the
determination of the statistical distribution of different phases in the material is rather
difficult.

Therefore, alternative techniques that can speed up and automatize the identification
process were developed. Electron backscatter diffraction (EBSD) combined with
energy-dispersive X-ray spectroscopy (EDS) is a relatively well-established technique
realized in scanning electron microscope (SEM). Recently, an option allowing the
phase evaluation directly in TEM became available - automatic phase and orientation
mapping (ASTAR) [5].

The purpose of the present work is to test the potential of the ASTAR automated
method for the structure determination and a distribution mapping of phases present in
an Al-Fe-Mn-Si based alloy.



1 Introduction

1.1 Phase diagrams and transformations

1.1.1 Phase transformations

Properties of systems composed of two or more chemical substances are significantly
different than those of pure substances. Generally, a system consists of several
subsystems with essentially uniform physical properties called phases. After a certain
time, the system under constant external conditions reaches a thermodynamic
equilibrium. Physical properties remain stable and all subsystems are in equilibrium
with each other. The modification of external conditions could cause a change of phase
composition. To describe the possible coexisting phases and their composition under
specified external conditions phase diagrams are used. They provide a useful tool for
the analysis of the system behavior despite the fact that in real metallurgical processes
equilibrium conditions are usually not reached [6,7].

1.1.2 Phase diagram evaluation

Phase diagrams are constructed either solely through experimental measurements or
calculated from thermodynamic data. In thermodynamics, when the temperature and
the volume are constant, the equilibrium of the system is reached by minimizing the
Helmbholtz free energy of the system, and equally, under the constant temperature and
pressure the equilibrium is reached by minimizing the Gibbs free energy of the system
[6,8].

Therefore, if we are able to evaluate the values of molar free energy of the system for
given temperatures, pressures, compositions and structures, then it is possible to
determine the phases existing in the equilibrium under these conditions by finding the
free energy minimum. Even though obtaining an exact analytical expression
describing the behavior of free energy in a multicomponent system is impossible, good
results could be received when mathematical models are used [9].
A relatively broadly used thermodynamic modeling method often referred to as
Calculation of the Phase Diagram (CALPHAD) simulates the multicomponent phase
behavior using the free energy models for individual phases [10].

1.2 Al-Fe-Mn-Si system

Some of the most common additives or impurities in aluminum alloys are Fe, Mn and
Si. The mechanical properties of the alloy are influenced by the phases formed in the
presence of these elements, therefore, there are repeating efforts to thoroughly
investigate the Al rich corner of the quaternary Al-Fe-Mn-Si system.

1.2.1 Ternary subsystems
The Al-Fe-Si, Al-Fe-Mn and Al-Mn-Si are three subsystems relevant for
thermodynamic assessment of the quaternary system. Each of them has been



investigated, the relevant phase diagrams were evaluated and compared to the
experimental data [11,12].

There are ten stable ternary intermetallic compounds in the Al-Fe-Si system usually
denoted by symbols listed in Table 1. The compound with the least amount of Fe and
Si are referred to as a and B and they are supposed to be the most stable. The existence
and compositions of compounds with higher amount of Fe and Si are not clearly
determined because the majority of experimental studies were focused on the Al rich
corner (Fig. 1). Also, the recorded compositions of stable phases o and  mentioned in
the literature are not uniform probably because of the difference in the material purity
and cooling rates [10,13].

Fe 0.00
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Figure 1: a) Isothermal section of an Al-Fe-Si ternary phase diagram at 550 °C, b) Al-
Fe-Si isothermal section of the Al corner at 500 °C [14].

Since the Al-Fe-Mn system plays an important role in both aluminum alloys and
lightweight steels, experimental data and thermodynamic evaluations can be found in
the literature for both Al rich and Fe rich corners of the system [15]. For our purpose
it is sufficient to focus on the Al rich corner (see Table 1).

The AI-Mn-Si system has been a subject of many experimental studies dealing with
its thermodynamic properties. A thermodynamic modeling of Al rich corner was also
performed, however, the obtained results do not match exactly with experimental data,
especially further away from pure Al. Ten ternary phases usually observed in Al-Mn-
Si system are listed in Table 1 [16].



Al-Fe-Si Al-Fe-Mn Al-Mn-Si

T (Al,Si)sFes AlisFe, T Al,Mn,Sis

T (AlL,Si)-Fe; AlsMn T AlsMneSi;

T AlssFessSizo Al;Mn T3 Al;Mn;Siy

T4 (AlLSi)sFey Al;1Mng T AlsMn;Si;

o/Ts Al71Fe19Sito Ts AlsMn4Si,

B/ts AlgFe;Si; Ts (Al,Mn)4Siy

T (AlSi)sFes Tg (Mn, Va) (Va,
Mn),Al12(Al, Si)s(Al, Si),

Tg (Al,Si)2Fey To Al1sMng(Al, Si)s

T10 AlgoFesSiis Tio Al,Mn;Sis

8%l AlgsFesoSiss

Table 1: Phases found in the ternary Al-Fe-Si and Al-Mn-Si systems and Al-rich
corner of Al-Fe-Mn system.

1.2.2 Phases relevant for Al-Fe-Mn-Si system

Several assessments of the Al rich corner of the quaternary Al-Fe-Mn-Si system using
the experimental data and descriptions of ternary systems were attempted. The
experimental investigations confirmed the existence of following ternary phases in the
system: a-AlFeSi (AlgFexSi), f-AlFeSi (AlsFeSi) and a-AlMnSi (AlisMn3Siz) [17].
The crystal structures of these phases are hexagonal, monoclinic and cubic
respectively. Crystallographic characteristics of these phases are listed in Table 2.

A considerable solubility of Fe in a-AIMnSi and f-AIMnSi was confirmed [18]. There
have been several reports concerning the existence of quaternary phase, however it is
also proposed that the a-AlMnSi and S-AlMnSi extend deep within the quaternary
system as a result of substitution of Mn atoms by Fe atoms, and no new quaternary
phase exists in the Al rich corner of the system. Increase of the Fe ratio leads to the
transformation of a simple cubic structure of the a-AIMnSi phase to a body centered
structure [18]. The solubility of Mn in compounds of the Al-Fe-Si system is limited
and usually neglected in thermodynamic calculations [18,12].

phase structure space group | a[A] b [A] c [A]
AlzMn ortorhombic P nma 14.883 12.447 12.56
AlsMn hexagonal P63/mmc 19.98 24.673
AlgMn ortorhombic Cmcm 6.4978 7.552 8.870
AlsFe hexagonal 6/mmm 5.375 4.374
AlisFeq monoclinic C2/m 15.488 8.086 12.477
AlsFeSi/B/t¢ | monoclinic 6.161 6.175 20.813
AlgFe;Si/a/ts | hexagonal P63/mmc 12.404 26.23
a-AIMnSi cubic Pm3 12.68

B-AlMnSi hexagonal P63/mmc 7.153 7.754

Table 2: The confirmed phases found in the Al-Fe-Mn-Si system with their
crystallographic structures and lattice parameters [19-22].




1.3 Introduction to crystallography

1.3.1 Electron diffraction

Accelerated electrons could be elastically scattered on crystal lattices because of their
short wavelength. An analysis of diffraction patterns enables to obtain several
crystallographic information about the material. When working with a thin specimen,
good qualitative results can be obtained using a kinematic theory of electron
diffraction.

Let there be a primitive crystal
lattice with a set of parallel
planes with interplanar
distance of d
(Fig. 2). When an electron
beam enters the lattice,
electrons are scattered on

o o ) d sin & W
individual equidistant lattice .

@ L L @ o L I.s
atoms. Because the secondary

diffraction is neglected due to  Figure 2: Positive interference of an electron . _

the first-order Born  beam scattered on a crystal lattice with interplanar
approximation in the distance of d [25].

kinematic theory, a positive

interference occurs when a

condition

2dsinf = nl (1)

1s satisfied, where @ stands for an angle of the incident beam and the crystal lattice as
drawn in Fig. 2. Therefore, beam of electrons with a fixed wavelength 4 interacting
with a set of planes of spacing d is diffracted with a strong intensity only if it
propagates under a certain angle fp called the Bragg angle [23].

Because of a short wavelength of accelerated electrons compared to the lattice spacing,
Bragg angle is very small, and strong diffractions are realized only on planes almost
parallel to the direction of the incident electron beam [24].

1.3.2 Miller indices

A system of planes in a crystal lattice is generally denoted by three integers inside
parentheses (hkl). The values of these integers for each plane are given by inverse of
the points where a plane intercepts the base vectors. The result is subsequently
multiplied by the lowest common denominator so that relatively prime integers remain
[25].

1.3.3 Reciprocal lattice
Electron number density in a crystal lattice is a periodic function of a distance in each
of three lattice axes. After expanding of this function into an exponential form of




Fourier series, the allowed vectors for which this series remains invariant under all
crystal translations determine the reciprocal lattice vectors.

For that reason, the primitive reciprocal lattice base vectors by, b2, bs are constructed
as:

azXxas

by = 21 2)

aj.azxaz’

where a;, a2, as are primitive base vectors of the direct lattice. The factor 27z is usually
not used by crystallographers [26].

As follows from the definition, bz, b2, b3 satisfy the condition

bia; = &j, 3)
where J;; stands for Kronecker delta.
Each vector of the reciprocal lattice g can be expressed in a form

g =vibr+vibatvsbs, (4)
where v;, v2, v3 are the corresponding scalar coefficients.
Following properties of the reciprocal vector can be derived from (3):

The reciprocal lattice vector is perpendicular to a plane with Miller indices
corresponding with the vector components.

The length of the vector corresponding to a certain system of planes is equal to the
inverse value of their interplanar distance.

lgnul = 1/dnu. (%)

Examination of the relation between the reciprocal vector and diffraction conditions
in a crystal lattice shows that the strongest diffraction occurs when the scattering vector
of diffracted wave is a vector of the reciprocal lattice

Ak =g, (6)

where the scattering vector 4k is defined as a difference between wave vectors of the
incident beam and the scattered beam [23,25].



1.3.4 Ewald sphere
The relationship between the scattering vector and the reciprocal lattice vector can be
geometrically represented by an Ewald construction (Fig. 3). Vector -k is constructed
at the origin of the reciprocal lattice
representing the crystal. With the terminal
point of the vector -k as a center, a sphere with
radius 1/4 is drawn. Since the wavelength of the
scattered wave is the same as that of the initial
one during elastic scattering, the surface of the
sphere can be interpreted as a set of all possible
wave vectors of the waves elastically scattered
on the crystal lattice. Then the diffraction

condition (6) is equal to the statement that the
diffraction occurs when the surface of the

Ewald sphere intersects a reciprocal lattice
point [24]. Figure 3: Ewald construction [23].

In the case of accelerated electrons, the radius of the Ewald sphere (~10'> m™) is
considerably larger than the plane spacing of the reciprocal lattice (~10'° m™).
Therefore, the sphere can be approximated as a plane near the origin of the reciprocal
space and the diffraction pattern is equivalent to a projection of the reciprocal plane
containing the origin of the reciprocal lattice, which is perpendicular to the initial wave
vector k.

a)

ES

0

————9—0—9 80— 00 0 —

Figure 4: Formation of high order Laue zones. a) Ewald sphere intersecting several
parallel reciprocal lattice planes, b) corresponding diffraction pattern [27].

However, the curvature of the Ewald sphere is not fully neglectable. Diffraction spots
from planes parallel to the plane containing the origin can appear in the diffractogram
at higher diffraction angles (Fig. 4). They are referred to as high order Laue zones [28].

1.3.5 Structure factor

The intensity of an electron beam diffracted on a crystal lattice varies for different
diffraction planes. Using the kinematical diffraction theory, it can be shown that it is
proportional to the intensity of the initial beam and the structure factor Fix

Fop = Z}l:lfj exp[—Zni(huj + kv; + le)], (7)



where (hkl) are the Miller indices of the corresponding diffraction plane, u;, v, w;
indicate the coordinates of the atoms in the lattice unit cell and f; refers to the atomic
scattering factor, a constant value distinct for individual atom types. Since the crystal
lattice is of a periodic character, it is sufficient to calculate the structure factor for a
sole unit cell. The correlation between the intensity of the diffracted beam and the
structure factor causes the disappearance of so-called forbidden diffraction spots
[25,28].

1.3.6 Kikuchi line patterns

If a diffraction pattern is taken from a thicker area of a crystal, several lines appear
along with diffraction spots. These lines, generally known as Kikuchi lines [23], form
patterns characteristic for each crystal structure and orientation. Their appearance is a
result of inelastically scattered electrons subsequently elastically scattered on two
parallel crystal planes.

Figure 5: Formation of a Kikuchi lines Inenisity

[28].

As drawn in the Fig. 5, electrons
inelastically scattered at a point P
propagate in all directions with an
intensity proportional to the direction
of the original non-scattered beam.

Arriving at the parallel planes at the T 0 5

Bragg angle the electrons diffract and Scattering angle

change the direction of their gjgure 6: The intensity of inelastically
propagation in accordance with the  electron scattering resulting in a formation
Bragg’s law. Notice that electrons  of a Kikuchi line pattern [28].
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diffracted on the plane A propagate closer to the direction of the original beam

therefore their intensity is larger than the

intensity of those diffracted on the plane B.

Now consider point T. The overall intensity arriving to this point is due to the

diffraction Ir+Als-Alt> Ir so the final

intensity is larger than when the Bragg

diffraction does not occur. Similarly, the overall intensity in the point S equals Is+Alr-

Als<Is (Fig. 6).

Incident beam |

reflection plana

Figure 7: Formation of Kikuchi lines in
a three-dimensional space [24].

three dimensions, the scattered

electrons form two conical surfaces whose

In

intersection with the Ewald sphere results
in two hyperbolas with a distinctive
intensity (Fig. 7). As mentioned above, the
radius of Ewald sphere for accelerated
electrons is very large, hence the
hyperbolas appear as straight lines on a
small screen of the microscope. Kikuchi
lines are connected to a certain system of
planes and unlike the diffraction spots they
specimen tilted,
enabling thus to find an exact crystal
orientation [24,28].

move when the is
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1.4 Experimental techniques

1.4.1 Electron diffraction in TEM

The most common way to obtain electron diffraction patterns is through transmission
electron microscope. All parallel beams leaving the specimen pass through the
objective lens and intersect in one point of back focal plane of the lens (Fig. 8).
Focusing the optical system behind the objective lens on the back focal plane enables
an observation of the diffraction pattern of the specimen. To form a SAED pattern a
diffraction aperture is used to select only a small area of the specimen [23].

SPECIMEN Objective
{real space} lens
IMAGE PLANE
BACK FOCAL PLANE (real space)

Figure 8: The difference between a diffraction image observation mode and an image
observation mode in TEM [29].

1.4.2 Camera length

Distance between diffraction spots in diffraction patterns is directly proportional to the
camera length, which is defined as a distance between the sample and the projected
image where the camera is placed [30].

-] |-
a) b)  Specimen @0 @ ® @ ¢ @ Lattice spacing

1 ] Sample
ry

» - ] Objective lens
=" Fo (Lo)

'y

Electron diffraction pattern
(Back focal plane)

Camera length L

Magnified image
(Selected area aperture)

Magnifying lens

/' Screen
" " \

000 spot Yt bt spot

Magnified diffraction pattern
ke

Figure 9: a) Camera length, b) effective camera length in TEM.
Under a low angle approximation sin § =~ 6 = tan 6 a relation between camera length

L, wavelength 4, diffraction spot distance 7w, interplanar distance duw related to
a system of planes (hkl)

rriadnii=AL )]
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can be derived from the Bragg’s law [31] and a geometry of the Figure 9a [30].

If lenses are used to change the direction of the electron beam, the original diffraction
spots distance is altered, and it is necessary to use an effective camera length. After
placing an objective lens between the specimen and the projected image, the new
effective camera length is equal to the focal length of the lens. Further magnification
of the image by other magnifying lens modifies the new effective camera length by a
factor b/a where b stands for the distance between the lens and the magnified image
and « is the distance between original diffraction pattern and the lens (Fig. 9b) [32].

In a real microscope, it is necessary to calibrate the camera length on a sample with a
known lattice constant [30].

1.4.3 Analysis of SAED diffraction patterns

When the SAED aperture is used, the diffraction pattern is formed only by a diffraction
of electrons on a limited volume of the crystal. If possible, the most advantageous is
to obtain a diffractogram from a single crystal with one crystallographic orientation.
In this case, the diffraction pattern consists only of regularly placed spots.

Taking the diffraction pattern as a projection of a reciprocal lattice perpendicular to
the incident beam, it becomes evident that the distance between the center of the
diffractogram and one of the diffraction spots is equal to the reciprocal vector
corresponding to a system of planes where the Bragg condition is satisfied [24,28].

If the crystal structure is known, the indexing of the diffraction spots could be easily
done by comparing sections of the reciprocal lattice with the acquired diffraction
pattern. If the structure is unknown, it is necessary to obtain at least two diffractograms
and find similarities in several most probable structures. Only after confirming the
identity of both diffractograms with two sections of the reciprocal lattice and equality
of the angle measured between the tilts of the sample, at which the diffractograms had
been obtained, with the angle of the corresponding sections, the predicted structure is
validated with a high probability.

1.4.4 Electron backscatter diffraction (EBSD)

Electron backscatter diffraction is an experimental technique performed in a scanning
electron microscope used for a determination of the crystal structure and the
orientation of a chosen surface area. Grain boundary types and misorientations can be
also monitored.

The surface of the sample is scanned by a focused probe of electrons (Fig 10a) They
change their trajectory because of the interaction with the Coulomb field of the atoms.
After several interactions a part of electrons called backscattered electrons emerges
back from the specimen. During their propagation in the sample the scattered electrons
diffract on a system of crystallographic planes and form two conical surfaces. As a
result, the electron backscatter diffraction pattern takes form of Kikuchi bands
analogous to the ones formed in TEM. Their relation to the lattice planes of the crystal
allows to obtain information about the crystal structure and orientation (Fig 10b) [33].

13



b Electron
) beam

Pole piece
Primary e-beam

Phosphor screen

BSD

EBSP
dedector

EBSP

Silicon
unit cell

Sample

Figure 10: a) Arrangement of a sample and an electron beam scattering pattern
(EBSP) detector with backscatter and forescatter electron detector diodes (BSD)
and (FSD) in SEM, b) electron interaction with crystalline material [33].

Corresponding electron backscatter diffraction patterns are point by point collected by
a camera from a phosphor screen. To increase the number of scattered electrons, the

sample is usually tilted approximately 70 degrees in respect to the electron beam
[34,35].

Figure 11: Transformation of Kikuchi lines from a screen into points in a Hough space
[36].

y For the purpose of a simpler determination

\ of crystal orientations, the Kikuchi lines

are converted into single points in the

Hough space (Fig. 11). The Hough

P transform of a straight line (Fig. 12) is
9 given by an expression

\X p = xcos(8) + y sin(6) (8)

The parameter space with the parameters

Figure 12: Parameters of the Hough 0, p is equivalent to Hough space [37].
space [37].
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However, certain restrictions concerning the range of use of this method exist. The
distinctness of Kikuchi lines is related to the structural damage and contaminations of
the sample surface, therefore well-polished samples are necessary. Moreover, the
Kikuchi lines can be affected by a plastic deformation state of the crystallite.
Increasing strain and internal stresses can lead to their disappearance [35].

1.4.5 Energy-dispersive X-ray spectroscopy (EDS)

A high-energy electron beam is directed on the surface of the sample where it interacts
with atoms. According to a quantum theory, each atom is composed of a nucleus
surrounded by electrons occupying set of discrete quantum states with different energy
levels called atomic orbitals [38]. Values of allowed energies are unique for each
element. When an electron is released from one of the low energy atomic orbitals,
spontaneous emission occurs when an electron from a higher energy state fills its place
while emitting an X-ray photon of energy equal to the difference of the energy of the
two considered quantum states. Since one of the possible beam-sample interactions
involves an ejection of an electron from the low energy atomic orbital, a unique set of
X-rays characteristic for each element can be detected. Interaction of an X-ray with
the EDS detector causes a
formation of a charge pulse

Cu

proportional to the X-ray

energy. The pulse is afterwards

Ti converted to a voltage pulse, its
energy is determined and saved.

Ti The elemental composition of
o) Cu the sample can be calculated

_ ; . : ' i A . from the number of pulses with
0.90 1.80 2.70 3.60 4.50 5.40 6.30 7.20 8.10 keV .
the same energy in the EDS

Figure 13: EDS spectrum for TiOz particlesona  spectrum (Fig. 13) [28,39].
Cu substrate [33].

1.4.6 Orientation and phase mapping in TEM (ASTAR)

In order to avoid difficulties linked to the use of the EBSD described above it is
possible to complete orientation mapping in TEM. The beam is scanned over the
sample and electron diffraction patterns from different spots of the scanned area are
collected. Experimentally obtained diffraction spot patterns are subsequently
compared to pre-calculated templates and orientation of the crystal is computed
[40,41].
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Far better reliability of this technique can be
achieved by precession of the primary
electron beam around the optical axis of the
microscope (Fig. 14). Intensities of rotating
beam diffraction spots are a result of an
integration of diffraction intensities over a
range of angles satisfying the Bragg
condition. This leads to the reduction of
dynamical effects of the electron diffraction.
Kinematically forbidden reflections in the
non-precession  electron  diffractogram
appearing sometimes as a result of multiple  Figure 14: Scanning direction of
diffraction are also suppressed [25]. While the precessing beam over the
using the same scanning step sizes the crystal — sample [42].

orientation map derived from the precession

electron diffraction spot patterns was shown to be more accurate than the map obtained
with a non-precessing beam [41,43].

The sample is represented as a thin film for the calculation of templates and only the
kinematical diffraction theory is used to receive computed diffraction patterns. In the
template, each reflexion is characterized by a triplet composed of the spot position (x
and y) and its intensity. To determine the best match between the calculated template
and the experimental electron diffraction spot patterns, correlation index defined as

Yje1 POy )Ti(x;55)
,/2521 P’ y)) ,}2511 T (%Y )

is used. In this equation, the diffraction pattern is represented by the intensity function
P(x,y) and every template is given by the function Tj(x,y). Note that each template
contains only few tens of non-zero points whatever the size of the picture. Higher
correlation index indicates better match of the experimental diffraction pattern and the
pre-calculated template [44].

Q; = )

Figure 15: a) Matching of the obtained diffraction patterns and pre-calculated
templates represented by red circles. b) Orientation triangle showing the most
probable orientation [42].
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After plotting calculated correlation indices to a standard stereographic triangle where
a darker color implies a higher correlation index, the most probable crystal orientation
emerges (Fig. 15).

Scanning step size can be adjusted according to needs. The smallest step can go down
to 1 nm and delivers much higher spatial resolution than the one obtained by SEM
EBSD method.

1.5 Application of experimental techniques

Above described experimental techniques have already been tested and used on a
variety of samples of different materials by a wide range of researchers. A review of
already conducted experiments follows.

1.5.1 EBSD

The roots of EBSD lie almost one century in the past, when the first electron back-
scatter diffraction pattern was observed by Japanese physicist Seishi Kikuchi [45].
Only after development of an automated orientation determination around two decades
ago did the technique gain recognition and became one of the most utilized methods
for microstructural analyses of crystalline materials. Since then, it has been improved,
perfected and it handles many areas of applications including evaluation of texture,
strain gradient, grain morphology and boundaries or identification of phases and
material defects on various materials such as metals, alloys, minerals, ceramics and
semiconductors [35].

In this work, the method has been applied on Al-Fe-Mn-Si alloys for the purpose of
orientation and phase distribution mapping. Similar work on Al-Fe-Mn-Si alloys with
a different composition was already realized by Lukas [37]. A combination of EBSD
and EDS methods lead to a successful identification of a-AlMnSi cubic phase,
AlgFe>Si hexagonal phase and AlsMn phase in the cold rolled and subsequently
annealed at 450 °C AW-3003 and AW-8006 alloys. The orientation of the grains has
also been determined [37].

More successful phase evaluations have been performed on Al-Fe-Si and
multicomponent Al-Si based alloys [46-48]. Certain problems frequently arise with
attempts of orientation identifications of a-Al(Fe,Mn)Si cubic phase. This problem has
been reviewed by Becker in [48] who ascribes the occurrence of five strongly scattered
different orientation solutions to the pseudosymmetry of the a-Al(Fe,Mn)Si crystal
structure. One way to obtain the correct solution is a manual band detection which,
however, strongly lowers the advantages related to the quickness of the EBSD
technique. Another method which increases the frequency of the correct solution while
applying standard indexing is an increase of the Hough-space resolution.

1.5.2 ASTAR

The automated orientation crystal phase and orientation mapping was developed only
recently [49] and only its upgrade by using precession electron diffraction few years
later [50] allowed the acquisition of accurate data. The new method has been tested
mainly on austenitic steels, later on a polycrystalline copper and MnAs rich crystallites
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in GaAs matrix. After a commercialization of the technique by a company
NanoMEGAS, it has slowly gained more popularity and it continues to be tested on a
larger scale of different materials. However, compared to well established EBSD
method, the reports of a successful exploitation of ASTAR are scarce.

An orientation investigation has been performed on Al-Cu-Mg alloy in which
equilibrium precipitates 6-Al,Cu and S-Al,CuMg were present. 0-Al,Cu is a body-
centered tetragonal structure with lattice parameters a = 6,603 A and ¢ = 4,872 A, S-
Al,CuMg is base-centered orthorhombic with lattice parameters a=4,010 A, b=9,250
A and ¢ = 7,150 A [51]. The phase distribution and grain orientation has been
satisfactorily mapped by ASTAR without any indexing difficulties [52].

Complications concerning the indexing of the diffraction patterns were encountered
by Ghamarian while studying microstructure of ultrasonically treated Ti-6Al-4V when
faint diffraction spots appeared behind the main diffraction pattern [53]. The
occurrence of overlapping patterns is frequent in samples where the grain size is
considerably smaller than the thickness of the foil. In this case, it is more suitable to
use the EBSD technique. The second, less probable reason for such an occurrence
could be lattice distortions and degradation of diffraction patterns caused by severe
plastic deformation. Since no plastic deformation methods were applied on samples in
this work, this reason does not need to be considered.

2 Experimental methods

2.1 Examined material

The studied materials were prepared by a company AIB Bfidli¢n4, a. s. The studies
were conducted on Al-Mn-Fe-Si alloy with a following composition of the main
alloying constituents:

Al Fe Mn Si Ti
balance 0.350 0.002 0.369 0.019
Table 3: Composition of the AA1200 alloy in wt. %.

A small amount of Ti added in the material does not affect the phase composition and
only acts as a grain refiner and an antirecrystallizing agent.

The material was prepared by a twin-roll casting in which the molten metal is poured
between two water cooled rolls where it concurrently solidifies and is rolled to the strip
of thickness 8 mm. A selected part of the samples was annealed for 4 hours at 580 °C
enabling a full recrystallization of a strip. Both as cast and annealed samples were
analyzed.
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2.2 Transmission electron microscopy

Specimen for TEM were cut by a diamond saw from the original strip. 0.15 mm thin
plates were prepared by a mechanical grinding machine Struers Dap -7. Circular discs
of diameter 3 mm were mechanically punched out of the plate. After that, the discs
were electrolytically etched at TenuPol-5 by 30 vol.% nitridic acid in methanol at
-20 °C for around one minute, the time sufficient for a formation of a small hole
surrounded by an extremely thin material area suitable for the observation in TEM.

Transmission electron microscope JEOL JEM 2000FX with 200 kV accelerating
voltage was used during observations. For this purpose, the samples were placed in a
double tilt analytical holder and the diffraction pattern was captured by an in-built
camera Veleta in a diffraction mode. The pictures of analyzed particles were acquired
in a bright field mode.

Precession electron diffraction patterns were obtained and automatically matched to
the predefined phases at TEM JEOL 2200FS operated at 200 kV, equipped with
“Spinning Star” electron precession from NanoMEGAS with an ASTAR software
package.

2.3 Scanning electron microscopy

The samples for SEM were grinded on SiC papers and polished on a rotating disc with
a diamond suspension. One of the samples was afterwards electrolytically polished by
30% nitridic acid in methanol for 10 s in Struers LectroPol-5.

The microscope FEI Quanta FEG 200 was used for observations. The surface
morphology of the samples was obtained by detecting the secondary electrons. EDAX
EDS system was used to define the elements present in the examined phases. EBSD
was used to map the phase distribution in materials.
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3 Results and discussion

3.1 Phase identification in TEM through SAED patterns

The first step in the evaluation of the dispersoid distribution in the studied material is
the determination of the crystallographic structure of phases present in the material,
which is a valuable impact information for a further evaluation with automated
techniques. This is done on SAED pattern obtained from a range of dispersoids found
in the material as explained in the introduction. Since only the phases listed in Table 2
are expected, received diffractograms are firstly related and indexed with accordance
to those structures.

Experimental patterns are compared with theoretical diffraction patterns simulated by
a program JEMS [54]. The program uses the already known atom positions in a unit
cell of the corresponding phase. The distances of the diffraction spots from the center
are measured along with angles between spots located close to the primary beam.
When the accordance between measured and calculated distances is found, the
simulated diffraction patterns for possible orientations are reviewed until all the
distances and angles are identical and the match is found within an experimental error.
Indexing highly symmetrical diffraction patterns with a short distance between
diffraction spots is less complicated since the patterns belong to the crystal orientations
with small values of Miller indices. If a match between an experimental and simulated
diffraction pattern could not be found, it is usually because the diffraction pattern from
an orientation with a high value of Miller indices was captured. In this case, it is often
necessary to gather more experimental data.

3.1.1 As cast state

TEM observations in the bright field mode reveal that mostly ellipsoidal but also
randomly shaped rounded dispersoid particles with the size from 1 pm to 2 pm forming
clusters can be found in the aluminum matrix (Fig. 16). Compared to the pictures of
most probable phases found in the literature, observed shapes resemble the cubic a-
Al(Fe,Mn)Si phase [48,55] or some of the coarser ones the hexagonal AlsMn phase
[56]. B-Al(Fe,Mn)Si phase usually forms thinner needle-like particles than the ones
detected in our material [55]. To confirm the assumptions based on the particle shape,
the analysis of diffraction patterns captured in diffraction mode is necessary.

For the purpose of getting a clear unambiguous diffraction pattern, particles in a very
thin area of the sample near the edge of the hole were chosen.
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Figure 16: Bright field images of the as cast AA1200 sample.

Diffraction patterns of several different particles were acquired and evaluated. The
BF image of particles and their corresponding diffractograms are shown in Figures
17-20.

2 Ui . W,
Figure 17. BF image of a dispersoid particle A used for phase identification.
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Figure 18: Diffractograms obtained from particle A and their corresponding
simulated diffractograms of AlsMn phase with following normal vectors: a) [1 1 1],
b)[331],¢)[405].
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The diffraction pattern in Fig. 18a corresponding to the particle A appears as a pattern
of regular equilateral triangles with side length 1.12 nm™! and angles 60° characteristic
for a cubic a-AIl(Fe,Mn)Si phase. However, after a closer examination a small
difference between the side lengths can be discovered implying that the triangles are
isosceles with side lengths of 1.12 nm™ and 1.04 nm™'. Measurement of all the angles
confirmed a non-equilaterality of the triangle with their actual values being around 57°
and 65°. The diffractogram was identified as an orthorhombic AlzMn phase near the
crystal orientation [1 1 1].

The diffractogram in Figure 18b with measured distances 1.12 nm™ and 2.53 nm™! and
interplanar angle between (2 2 0) and (1 0 3) 76° was interpreted as [3 3 1] zone axis
of the AlsMn phase and the diffractogram in Figure 18c could be interpreted as [4 0 5]
pole of the same structure supposing that every second spot in the planes 5X4, where
X is an integer, is invisible due to its low intensity. A set of reciprocal distances
measured in the diffractograms obtained on the particle A were not found in any other
possible structures formed in Al-Fe-Mn-Si systems. Therefore, the particle is most
probably the AlzsMn phase, even though the tilt angles between the diffractograms were
not measured and their compliance could not be confirmed.

Figure 19: BF image of a dispersoid particle B used for phase evaluation.
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Figure 20: Diffractograms obtained from particle B and corresponding simulated

patterns of a-Al(Fe,Mn)Si phase with following normal vectors: a) [0 0 1], b) [7 3 1],
c)[203].
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All diffractograms obtained on particle B (Figure 19) correspond with simulated
diffraction patterns of the body centered variant of cubic a-Al(Fe,Mn)Si phase. The
square pattern formed in orientation [I 0 0] with the reciprocal distance
a* = 1.12 nm! (Fig. 20a) can be simulated also for AlsMn phase with the same
orientation. Therefore, this orientation is not suitable for the determination of a proper
phase. However, reciprocal distances of the diffractograms shown in the Figure 20b
and 20c could not be found among the distances of AlsMn phase. Instead, the measured
distances and angles correspond to the diffraction patterns of a-Al(Fe,Mn)Si phase in
orientations [7 3 1] and [2 0 3]. Again, the compliance between the tilt angles while
capturing diffractograms and the angles between interpreted orientations could not be
confirmed but there is a high probability that the particle B corresponds to the body
centered variant of cubic a-Al(Fe,Mn)Si phase.

Several different particles in the as cast state were also inspected but no more than one
diffraction pattern from an orientation with a high value of Miller indices per particle
was found. Therefore, the phases of the particles were not identified, however a
frequent occurrence of a regular hexagonal pattern characteristic for the o-
Al(Fe,Mn)Si suggests a prevalence of this phase in the material. On the contrary, the
probability of the presence of AlsMn phase is low due to a small amount of Mn in the
material, but it is also possible that atoms of Mn are substituted by Fe considering the
commonly reported substitution of Mn with Fe in a variety of phases present in Al-Fe-
Mn systems [15,18,57].

3.1.2 Annealed state

Analysis of the bright field image of the annealed sample shows that particles of a very
similar shape and size as the ones in the material before annealing can be found (Fig.
21). Their occurrence is, however, scarcer and no large clusters are visible. Again,
according to the shape of the particles, the presence of Al(Fe,Mn)Si phase or
hexagonal AlsMn phase can be expected, however diffraction pattern evaluation is
necessary.

=

Figure 21: BF image of the AA1200 sample after annealing at 580° C for 4 hours.
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Diffractograms taken from the particle in the Fig. 22 are shown in Fig. 23 along with
their indexed patterns. A regular hexagonal pattern (Fig. 23a) with the reciprocal
distance a* = 1.12 nm™! most likely corresponds to the [111] orientation of the cubic
a-Al(Fe,Mn)Si phase. Since the matching simulated patterns of the same phase were
also found for the other two diffractograms (Fig. 23 b,c), it is very probable that the
particle indeed possesses this crystal structure. The phase has been reported as a stable
one with no size and morphology changes during solution treatment between 495 °C
up to 535 °C [57,58] which further supports our results.

Figure 22: BF image of dispersoid particles in the annealed AA1200 sample used for
the phase determination. The analyzed particle is marked by a circle.
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Figure 23: Diffractograms obtained from TEM and their corresponding simulated
patterns of a-Al(Fe,Mn)Si phase with following normal vectors: a) [1 1 1], b) [1 0 2],
c)[751].
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3.2 SEM analysis

In order to obtain more information about the distribution of dispersoids inside the
sample and to find their chemical composition, backscatter-electron images of
representative areas were taken and EDS analysis was performed on several particles
before the realization of EBSD.

3.2.1 Backscatter-electron imaging

Detection of backscattered electrons is a standard method for the location of dispersoid
particles in aluminum matrix in SEM. The intensity of electrons scattered back from
the sample strongly depends on the atomic number of elements in the sample. Due to
higher charge density in dispersoids, which are composed of elements with higher
atomic number than aluminum, more electrons are backscattered and appear as bright
areas in the acquired image [32]. Images of several areas under different
magnifications were taken (Fig. 24) in order to receive more statistical information
about dispersoid shape and distribution.

Figure 24: SEM backscattered electron images of AA1200 alloy annealed at 580 °C
for 4 hours.

Backscattered electron images of the annealed sample reveal clusters of round or
ellipsoidal particles evenly distributed over the surface of the specimen with shapes
similar to the ones observed in the transmission electron microscope (Fig. 24). The
size of the particles ranges from around 1 um up to 5 um.
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3.2.2 EDS analysis

The EDS analysis (Fig. 25) of dispersoid particles shows a presence of the Al, Fe and

Si with the composition given in Table 4.

Element/Line a b C

FeL 34.6 30.8 27.9
AIK 59.5 65.9 68.0
SiK 5.9 5.2 4.0

Table 4: Composition of main constituents in three particles analyzed by EDS.

Several particles were arbitrarily chosen for the analysis and all of them give a similar
composition. The compositions could reflect the presence of 16, 15 phases or a-AlMnSi
or B-AIMnSi phases with Mn atoms substituted by Fe. It is necessary to note that
analysis of small particles in SEM might be strongly influenced by a presence of
surrounding Al matrix. Considering the results obtained by the analysis of TEM
diffraction patterns, the most probable phase the is a-Al(Fe,Mn)Si one.
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Figure 25: EDS analysis of three arbitrarily chosen particles.
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3.2.3 EBSD evaluation

Finally, an EBSD analysis was performed on several areas containing dispersoid
particles in order to determine their crystallographic structure and orientations.
Respecting the results of TEM evaluation, only the phases a-Al(Fe,Mn)Si) (cubic) and
AlsMn (orthorhombic) were considered.

oo 101

Figure 26: a) EBSD phase evaluation of a dispersoid particle in the aluminum matrix
(yellow: Al, green: AlzMn, red: a-Al(Fe,Mn)Si), b) inverse pole figure map of the
same particle indexed using a-Al(Fe,Mn)Si phase, c) orientation color code map for
a-Al(Fe,Mn)Si phase.

Figure 27: a) EBSD phase evaluation of a dispersoid particle from Fig. 26 without
AlzMn phase (green: Al, red: a-Al(Fe,Mn)Si), b) inverse pole figure map of the same
particle indexed using a-Al(Fe,Mn)Si phase, c) orientation color code map for a-
Al(Fe,Mn)Si phase.

EBSD analysis considering the phases AlsMn and a-Al(Fe,Mn)Si (Fig. 26) of a chosen
dispersoid in an aluminum matrix can reliably index the pure aluminum part of the
scanned area and inclines to the a-Al(Fe,Mn)Si phase as a more probable phase
forming the particle. The randomly distributed dots interpreted as AlsMn inside the
particle are evidently errors made by the automatic evaluation system. Similarly, the
dots significantly different from its surroundings on inverse pole figure are clearly not
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correct. When taking into an account only a-Al(Fe,Mn)Si phase (Fig. 27), the results
are improved and a smaller number of evidently erroneously evaluated spots appear.
However, such clear results could be obtained only after a long search for a suitable
particle inside the material. When scanning a larger area containing more particles
(Fig. 28) or even when scanning different similarly shaped and sized particles, the
correct phase could not be unambiguously determined. The phase evaluation algorithm
may not have had any problems with distinguishing between the pure aluminum and
more complex cubic a-Al(Fe,Mn)Si phase, but the orientation map of the particle area
is disorganized thus the orientation can not be determined with a sufficient probability.

Figure 28: a) EBSD phase evaluation of dispersoids in the aluminum matrix (green:
Al red: a-Al(Fe,Mn)Si), b) EBSD inverse pole image of the same area.

To analyse the miscalculation in the phase orientation, the Kikuchi patterns were
closely examined (Fig. 29). For every captured pattern, several highly probable
orientations were proposed and the most probable one was chosen and drawn into the
orientation map. The analyzed Kikuchi patterns (Fig. 29b—d) differ mainly in the
position of the yellow Kikuchi lines. However, a closer look on the non-fitted pattern
(Fig. 29a) exhibits no truly visible lines corresponding to the yellow ones.

Angles calculated between normals of a) and b), a) and c¢) and b) and c) are 101°, 102°
and 35° respectively (Fig. 29). Angles between calculated normals were evaluated for
several particles but no visible pattern or relation between them was discovered, unlike
the angles between the five probable orientation solutions observed by Becker [47]
(see par. 1.5.1). The ambiguity is most probably a result of a poor quality of the
obtained Kikuchi line patterns, which is probably caused by a small size of the particles
and their overlapping by the surrounding aluminum matrix.

Well defined Kikuchi lines are visible in pictures taken in the aluminum matrix (Fig.
30). In comparison to simulated a-Al(Fe,Mn)Si patterns the fitting of the simulated
aluminum ones is better and the phase and orientation evaluation runs smoothly.
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Figure 29: a) A Kikuchi pattern obtained in one point of the EBSD scan in the
dispersoid particle, b) — d) simulated Kikuchi patterns for three most probable
orientations of the particle.

Figure 30: Simulated Kikuchi pattern of a) aluminum, b) a-Al(Fe,Mn)Si, fitted on
the aluminum pattern captured in one point of the EBSD scan.
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3.3 ASTAR

Automated orientation crystal phase and orientation mapping was realized on a cluster
of particles shown in Figure 31. Similarily as in EBSD analysis only AlsMn and a-
Al(Fe,Mn)Si templates were calculated and fitted with experimental patterns.

T -

Figure 31: a) Bright field image of a cluster of particles used for further observations.

EDS mapping of an area of the annealed sample containing a cluster of dispersoids
confirmed a presence of Al, Fe and Si in the particles, and naturally, a presence of Al
in the whole studied area. The results are consistent with the ones obtained by EDS
analysis in SEM. Color maps represent the distribution of main elements in the
material.

The same area was afterwards analyzed using automated ASTAR method (Fig. 33)
with a standard camera length 20 cm suitable for the analysis of a majority of metals.
Both AlsMn and a-Al(Fe,Mn)Si cubic phase structures were considered as a possible
options during evaluation, however a majority of the area of the particles was identified
as a-Al(Fe,Mn)Si. Therefore, only this structure was finally used for the orientation
analysis. Only the orientation of aluminum matrix was clearly determined, whereas
inside the dispersoids, rather unacceptable random orientations were indicated (see
Fig. 33).
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Figure 32: EDS maps of main constituents in dispersoids from Fig. 30.

b)

Figure 33: a) Inverse pole figure of the annealed sample obtained by ASTAR analysis
using a small camera length, b) orientation triangle of a cubic structure.

In order to find the cause of the ambiguity, the automated matching between the
calculated templates and the obtained diffractograms were manually examined (Fig.
34). It is evident that in contrast to pure aluminum with diffraction spots reasonably
remote, the large lattice parameter of the a-Al(Fe,Mn)Si cubic phase caused their
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indistinguishably close distribution making a correct interpretation of the diffraction
pattern impossible.

- = o

Figure 34: A comparison of diffraction patterns and their matched templates for the
particle a), ¢) and aluminum b), d).

In an attempt to increase distances between diffraction spots in patterns obtained from
particles and hereby facilitate their evaluation, the camera length was increased. To
test this approach, only 50x50 points large area was scanned, leaving the resulting
images with a slightly lower resolution (Fig. 35).

The examination of Figure 35 reveals that the orientation found throughout the whole
particles is uniform therefore it finally gives a reliable result. On the other hand, the
orientation of the aluminum matrix is now disintegrated (Fig. 35 c). Moreover, the
shape and the size of particles in an apparent bright field shows (Fig. 36) that the area
behind the yellow borders indicating the original size of the particles (Fig. 36b)
belongs to the aluminum matrix. Therefore, the templates matching was examined
again manually (Fig. 37-41).
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Figure 35: Inverse pole figures of the annealed sample area obtained through ASTAR
analysis using larger camera length a) aluminum and o-Al(Fe,Mn)Si particles, b) only
a-Al(Fe,Mn)Si particles, ¢) only aluminum, d) orientation triangle.

Figure 36: Comparison of apparent bright field (intensity of transmitted primary
beam) with an orientation map of the same area.

Diffractograms were taken from points (i) inside the particle, (ii) in the aluminum in
the vicinity of the particle, and (ii1) in the aluminum further away from the particles
(indicating on Fig. 37a-c) were taken. As can be seen in Fig. 37d-f, the diffraction
spots captured inside the particle are visible also on scans performed inside the
aluminum matrix. This fact is an artefact caused by the detector capturing
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diffractograms. Due to a long relaxation time of the luminophore the screen still carries
the information of previously captured images even though the scanning beam has
already moved. To resolve the problem, a new camera with shorter relaxation time or
longer period between two scans are necessary.
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Figure 37: a)-c) simulated bright field, d)-f) corresponding diffractograms.

The interpretation of diffractograms received from particles is enhanced due to the
presence of reflections from higher Laue zones. Template matching inside both
particles using large camera length yields plausible results and the orientation triangles
give one definite most probable orientation (Fig. 38). In Figure 39¢, however, dark
grey bands indicating several probable orientations can be noticed. This is a
consequence of an existence of two intensive bright spots in the diffraction pattern
marked by arrows in Fig. 39b, which are present in all templates representing the dark
grey bands. This strong intensity is responsible for a high value of the correlation index
(eq. 9). However, the presence of the remaining finer diffraction spots from higher
Laue zones ensures the assignment of the correct template.
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Figure 38: Template matching inside one of the particles: a) simulated bright field
with a spot in the particle where the diffractogram was taken, b) obtained
diffractogram, c) orientation triangle, d) matched template.
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Figure 39: Template matching inside one of the particles, a) — d) analogical to the
description under Figure 38.

The orientation triangle in Figure 40c, holds a pattern similar to the one in the Figure
38, but larger amount of orientations is marked as a highly probable and they are
almost equally possible. A closer look on the diffractogram (Fig. 40b) shows that only
one intensive bright spot marked by arrow (representing one system of equivalent
planes) and a few paler ones are visible. The remaining spots necessary to evaluate the
diffraction pattern are fairy more distant from the center and were not captured by the
camera. This limited number of diffraction spots in the Al matrix (consequence of
larger camera length) is responsible for the ambiguity of orientations in the final image.
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Figure 40: Template matching inside aluminum matrix, a) — d) analogical to the
description under Figure 38.

The absence of additional diffraction spots plays role also in the diffraction
interpretation shown in Figure 41. In this case the most probable orientations are not
lying on the same trace connected to a single plane but are randomly distributed (Fig.
41c).
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Figure 41: Template matching inside aluminum, a) — d) analogical to the description
under Figure 38.

Plotting a line of misorientations across particles (Fig. 42a,b) into a stereographic
projection shows four unrecognisable equivalent orientations for both particles marked
by blue (Fig. 42d) or red (Fig. 42e) squares. According to the orientation triangle (Fig.
35d), the orientation of a crystal structure of one particle is near the crystal zone [111]
parallel to the electron beam (blue) and the orientation of the second particle is near
the zone [001] (red).

Slightly delocalised clusters of squares indicate that the resultant orientations are not
precisely in one direction of the pole figure, but rather scattered in the vicinity of the
four equivalent orientations. This effect confirms a high angular resolution of this
method because diffractograms taken from a crystal under nearly the same orientation
are in general the same. They differ only in small variations of intensities of diffraction
spots not recognisible to a human eye.

A small number of points inside particles, marked by black symbols (Fig. 42¢), were
evaluated with a very low confidence index. However a small number of errors is not
decisive since the main strength of the technique lays in a statistical evaluation of
a large number of diffractograms instead of precise evaluation of each of them.
Moreover, averaging and cleaning methods known from EBSD could plausibly
supress the presence of such points increasing thus a statistical credibility of the
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analysis. Orientations of aluminum matrix are far more diverse (Fig. 42f) for the
reasons already explained above.

Figure 42: Inverse pole figures with marked lines along which the orientations of
[111] zones were calculated a)-c) and plotted in stereographic projections d)-f).
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Conclusions

Three different methods of crystallographic structure identification and orientation
based on Bragg analysis (SAED and ASTAR) and Kikuchi analysis (EBSD) were
tested on small intermetallic particles from the quaternary Al-Fe-Mn-Si system.

Phase and orientation evaluations through diffractograms obtained in SAED mode in
TEM were performed on both as cast and annealed states of TRC AA1200 aluminum
alloy. Two different phases Alz3Mn and body centered a-Al(Mn,Fe)Si were identified
in the as cast state. Analysis of a number of different particles and small amount of Mn
present in the material indicate more probable occurrence of the a-Al(Mn,Fe)Si phase,
however, since the SAED analysis requests a complex diffractogram analysis for
several tilts of each particle, the statistical examination of particles orientation and the
type distribution is rather challenging.

The application of the EBSD technique based on a Kikuchi analysis is rather
problematic most probably because of a narrow shape and a small size of the particles.
The Kikuchi patterns formed on particles were generally overshadowed by a more
pronounced lines originating from a surrounding aluminum matrix resulting in a
misinterpretation of acquired patterns. The situation is much worse in the case of the
cast strip because the particle size is much smaller than in the annealed one. Therefore,
EBSD method is probably not suitable for the crystallographic evaluation of particles
smaller than 1 pm.

The ASTAR system was tested on the annealed state of the material. A simultaneous
analysis of structures with considerable different lattice parameters did not produce
reasonable results, due to a significant difference in the density of diffraction spots,
which were either too close and undisguisable by the system or on the contrary too
scarce so that a correct evaluation suffered from a large experimental error. The
adjustment of a camera length allows to focus on a certain range of lattice parameters
because the parameters of a majority of intermetallic phases present in the Al-Fe-Mn-
Si systems are of a comparable length. Only the parameters of aluminum and AlsFe
are considerably shorter. For that reason, the identification of phases and their
orientations can be performed in two steps consisting of acquisition of two maps under
two different camera lengths. The optimization of the camera length for both sets of
lattice parameters is an option which should also be taken into a consideration. The
above-mentioned approaches are more challenging, but they are still incomparably
more effective than the analysis based on a systematic inspection of suitable
diffractograms separately for each particle in the SAED mode in TEM. One of the
main advantages of the automated template matching is the possibility to avoid the
complicated and time demanding orientation of particles into highly symmetric
directions, which makes the whole evaluation process considerably more effective.
An identification ambiguity may appear in a case of a very similar diffraction patterns
of two different phases for certain orientations such as [0 0 1] orientation of a-AlMnSi
phase and AlzMn phase. Therefore, repeated scanning of the sample tilted to several
different angles may increase a probability of a correct phase identification.
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The identified body centered a-Al(Fe,Mn)Si phase in the annealed state, which is in
accordance with the literature findings reported as a stable one, further supports the
plausibility of the method as an effective tool for the statistical analysis of dispersoids
in Al-Fe-Mn-Si system. A repetition of this method over a large area could provide
sufficient statistically convincing data.
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