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Abstract

This study includes the results of tests related to selecting
the data collection parameters for EBSD analysis, correc-
tion and modification of the EBS diffraction patterns, and
use of selected functionalities of the commercial OIM sys-
tem. The study also shows the local misorientation range
and the local relationships of the crystal lattice orientation at
interfaces and grain boundaries, estimated in the polyphase
microregions of selected AIFeMnSi alloys.
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1. Introduction

Multicomponent aluminum-based metal alloys with
transition metals crystallize to form a series of inter-
metallic phases [1]. Reactions involving intermetallic
compounds in such alloys are mainly peritectic, and
therefore occur very slowly, limited by the rate of dif-
fusion of the individual elements [2]. The kinetics of
peritectic crystallization is determined by the diffusion
model of growth typical for long range order in the crys-
tal lattice of intermetallics [3]. As the peritectic reactions
usually do not reach their final stage in typical labora-
tory experiments, nonequilbrium phase composition is
observed in the alloy microstructure after solidification
finish. The mechanism of peritectic crystallization is
characterized by two stages: reaction with participation
of the liquid alloy and transformation without contact
with the liquid alloy [4,5]. Advanced models of this pro-
cess involve both peritectic reactions and transforma-
tions with the participation of solid solutions mainly in
the Fe-C and Fe-Ni alloys [5,6]. Peritectic solidification
in aluminum alloys has not been described completely
until now in the literature. Some data can be found in
works carried out in AIFeMnSi alloys [2,7], in which the
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solidification paths of two peritectic processes were
analyzed with the participation of the cubic intermetal-
lic phase, a -AIMnFeSi, as a peritectic phase and two
other intermetallic phases, B,-AIMnSi and Al,Fe, as
properitectic phases:

~ L+ B,-AMNnSi — a-AIMnFeSi
— L+ALFe — a-AMnFeSi.

Both peritectic reactions mentioned above occur at
the triple point: P1/L/a_ (where: L — liquid alloy, P1 —
properitectic phase: p,-AIMnS, or Al,Fe, a_ - peritectic
phase o -AIMnFeSi). Thus, the crystallographic relation-
ships between two solid phases at the interfaces and
at the triple point could be considered factors involved
in the peritectic reaction. The factors controlling these
interactions are still subject to examination, especially
crystallographic determination of the morphological
model of the three-phase peritectic reaction and its
kinetic control.

Additionally, the crystal lattice relationships at the
interfaces are taken into account as a factor controlling
the heterogenic nucleation processes [8—-10] involved in
technical alloy casting [11] and other technological pro-
cesses, such as recycling of aluminum scrap [12,13].

Therefore this work has two main aims:

— Development of an analytical procedure for record-
ing and indexing phase maps and estimation of the
misorientation degree at the interfaces depending
on the crystal lattice and chemical composition in
the polyphase microregions in selected AIFeMnSi
alloys.

— Interaction analysis between the intermetallic phas-
es involved in peritectic reactions in multiphase mi-
croregions controlled by crystallographic relation-
ships between the primary and peritectic phases
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in aluminum alloys with Si, Fe, and Mn, when the
cubic o -AlFeMnSi is a peritectic phase.

2. Materials

The materials examined were AIFeMnSi alloys char-
acterized by different ratio of the transition metals con-
tent, Fe/Mn. As a factor determining the solidification
path of the alloy, and especially the type of preperytectic
phase, differentiation in the value of the Fe/Mn ratio
was assumed.

The chemical composition of the examined alloys is
shown in Table 1.

Table 1. Chemical composition of the examined alloys
(wt.%, Al bal.)

Alloy Spe:l’_“e" Fe Mn Si Fe/Mn
33 1 36 4.0 26 0.9
6.05 2 10.6 85 47 1.2
75 3 9.1 3.0 3.0 3
25 4 9.1 07 2.7 19

3. Examinations
The following examinations were carried out:

— microstructure observations by AxioObserver 10Zm
light microscope (LM) and SCIOS scanning electron
microscope (SEM);

— in situ analyses: EDS x-ray microanalysis (EDAX,
TEAM system), EBSD pattern analysis (Hikari cam-
era, TEAM system);

— collection of phase maps and orientation maps, their
modification and analysis (Hikari camera, TEAM
system).

The analysis of crystal lattice misorientation between
the intermetallic phases particles was carried out using
phase maps recorded by the TEAM system and orien-
tation analysis by the OIM system [15]. The analysis
conditions were reviewed to optimize the results reso-
lution, analysis time, and drift impact. The standard
camera parameters and background optimization were
used as the initial conditions.

4. Examination results
4.1. Microstructure observations

The microstructure of the examined alloys is shown
in Figure 1.

As can be seen in Figure 1, in the examined alloys
the polyphase microstructure formed during solidifica-
tion. Two-phase, complex microregions were observed
in all the examined specimens, characteristic for the
intermediate stage of the peritectic reaction with the
participation of two intermetallic phases. In the center
of the two-phase particle the properitectic phase was
located, while the peritectic phase formed its envelope.

4.2. Estimation of the chemical composition of
the phase constituents of the examined alloys

The chemical compositions of the selected microre-

gions in the examined alloy are shown in Table 2.

Table 2. Chemical composition of the selected
microregions (wt.%, Al-bal.)

Properitectic phase Peritectic phase

Specimen
no. Fe | Mn | Si |Fe/Mn| Fe | Mn | Si | Fe/Mn
1 216|110 96| 19 |165|156| 7.7 | 1.1

382|131 |39 | 123 [199|121| 94 1.6

216 | 11 | 96 2.0

2
3 374 | 39 | 4.2 9.6
4

401115 |30 | 26.7 |300| 21 | 5.3 15

It was found that in the intermetallic phases examined
in selected microregions there were changes in the Fe/
Mn ratio, depending on the original Fe/Mn ratio in the
examined alloys. This is a typical tendency observed in
Al-based alloys with the transition metals Fe and Mn,
both synthetic [1,7,11] and technical [11-13].

4.3. Results of identification of the phase
constituents

The phase constituents in the selected microstruc-
ture microregions were identified based on the EBSD
diffraction patterns [14,15], indexed according to the
standard patterns for the anticipated phase constituents
(Fig. 2). The quality of the solution for the particular
indexed pattern was estimated based on the value of
the Confidence Index (Cl), given automatically by the
analytical system. The solutions with CI > 0.1 were taken
into account for further consideration. In some cases
an improvement in the CI value was possible by using
a modified standard pattern, better matched to the actual
crystal lattice in the analyzed microregion.
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The phases recognized in the analyzed microregions Table 3. The intermetallic phases recognized
are given in Table 3. Taking into account the peritectic in the examined specimens
reaction mechanism, the microregion situated at the
center of the two-phase microregion was ascribed to Specimen Properitectic phase Peritectic phase

the properitectic phase, while that peripheral to it was

ascribed to the peritectic phase. The phase attributions,

based on the EBS diffraction pattern, were in accordan- 2 AlFe a-AlFeMnSi

ce with the results of previous work [2,7], literature data 3 AlFe o -AlIFeMnSi
4

1 B,-AlFeMnSi a -AlFeMnSi

[16—19] and confirmed by local chemical composition,

as shown in Table 2. Al,Fe a-AlFeMnSi

The results of the local, point phase identification were
used as a base for further analyses, when phase maps
were recorded in selected microregions.

Fig. 1. Microstructure of the examined specimens, microregion with intermetallic phases, peritectic and properitectic,
polyphase residual eutectics; LM BF, a) specimen 1 (intermetallic phases: f5,-AIMnSi (center) and o -AlMnFeSi (envelope),
b) specimen 2, (intermetallic phases: Al Fe (center) and a -AlMnFeSi (envelope), c) specimen 3, (intermetallic phases:
Al Fe (center) and o -AIMnFeSi (envelope), d) specimen 4, (intermetallic phases: Al Fe (center) and o -AlMnFeSi
(envelope)
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Fig. 2. Specimen 3: a) microstructure in the analyzed microregion, b) EBS diffraction pattern at point 1 in Fig. 3a, indexed
for Al Fe, phase Cl 0.18, ¢) EBS diffraction pattern at point 2 in Fig. 3a, indexed for o -AlFeMnSi, phase CI 0.5

4.4. Results of the analysis of crystal lattice
misorientation between the intermetallic phase
crystals

The complementary data of the phase distribution
and local orientation relationships at the interfaces were
recorded in the selected polyphase microregions con-
taining a matrix, and crystals of two intermetallic phases,
properitectic and peritectic, for each of the examined
specimens. The collected maps give the type of phase
constituents, their chemical compositions and actual
crystallographic orientations (Fig. 3). The phase maps
were recorded in these selected microregions, based on
the phase constituents recognized previously by point
EBSD analysis (Fig. 2).

4.5. Effect of the cleaning procedures on both
phase and orientation maps

The recorded maps were modified and filtered to ob-
tain clearer images. The results of the applied filtering

procedure are shown in Figure 4 for the phase maps
and Figure 5 for the orientation maps.

The filtering procedure eliminated most of the incor-
rectly assigned points in the phase maps (Fig. 4b). The
crystals of each phase present in the analyzed microre-
gion became more clearly visible. A similar result was
obtained for the orientation map shown in Figure 5. The
dispersion of the local orientations of the crystal lattice
assigned to the crystal of a particular phase decreased,
which made further analysis more effective.

4.6. Analysis of the orientation maps

Based on the cleaned datasets, the misorientation
degree between two selected crystals, either of the
same phase or of different phases, was estimated us-
ing a functionality of the OIM system. Examples of the
results are shown in Figures 6-9.
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a) b)

Fig. 3. Example dataset recorded for the analyzed microregion: microstructure morphology, phase map, orientation map,
distribution map of the main elements: a) specimen 1, b) specimen 3

Fig. 4. Specimen 1. Phase map in the selected microregion: a) initial map, recorded in situ, TEAM system, b) map after
cleaning procedure, OIM system; identified phases: o -AlFeMnSi (red), B,-AlFeMnSi (yellow), a-Al (green)
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Fig. 5. Specimen 1. Map of relative orientation between individual crystals: a) initial map recorded in situ, TEAM system,
b) map after the cleaning procedure, OIM system, the local orientation of the elementary cell is shown at selected points

Misorientation Profile

3500

2400

Hap Val
g

rrrrrr

Misorientation [degrees]

2300

3200

3100

Distance [microns]

b)

Fig. 6. Specimen 1: a) map of relative orientation between individual crystals, at selected points showing local orientation
of the elementary cell, b) misorientation of the crystal lattice between individual crystals along the line marked in Fig. 6a,
between the grains of the o, -AlFeMnSi phase and the grain of the 8, -AlFeMnSi phase
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Fig. 7. Specimen 2: a) map of relative orientation between individual crystals, at selected points showing local orientation
of the elementary cell, b) misorientation of the crystal lattice between individual crystals along the line marked in Fig. 7a,
between the a-Al solid solution, grains of the a -AlFeMnSi phase and the grain of the Al Fe phase
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Fig. 8. Specimen 3: a) map of relative orientation between individual crystals, at selected points showing local orientation

of the elementary cell, b) misorientation of the crystal lattice between individual crystals along the line marked in Fig. 8a,
between the grain of the o _-AlFeMnSi phase and the grain of the Al ,Fe phase

Misorientaton Profie

—— Font-topont
—— Point-to-origin

Hap Value

Inverse Pole Figure

Il
i

s
Distance [nicrons]

b) c)

Fig. 9. Specimen 4: a) map of relative orientation between individual crystals, at selected points showing local orientation
of the elementary cell, b) misorientation of the crystal lattice between individual crystals along the line marked in Fig. 9a,
between the a-Al solid solution, grains of the a -AlFeMnSi phase and grain of the Al ,Fe phase
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The obtained results allowed the estimation of the
misorientation angle between intermetallic phases cry-
stals, depending on their crystal lattice and chemical
composition (Table 4).

Table 4. Misorientation angle between selected phase

crystals
Disorientation degree
Interface Interface
No of between between  |g hathetic| Grain
Specimen  yhases, |properitectic/
properitectic/| o-Al solid | Poundary |boundary
peritectic solution
1 30-70° 20-60° 15-30° 50-80°
2 70° 65° 20-30° 50-80°
3 50-70° 20-50° 10-30° 30-70°
4 30-80° 20-60° 15° 60-70°

The data in Table 4 were subsequently used in fur-

ther considerations. Based on the estimated misori-
entation range between particular kinds of crystals,
at interfaces a -AlFeMnSi/Al,Fe, o -AlFeMnSi/Al, the
procedure for indicating both phase and grain bounda-

ries was tested and optimized. The procedure was
based on the selection of the range of misorientation
for a given interface, step by step, until obtaining its
optimized value (Fig. 10). The criteria adopted for the
initial analysis of the collected data in the orientation
maps followed by their selection allowed the obtaining
of results that represented the misorientation range of
the crystal lattice for each interface.

5. Summary and conclusions

Procedures based on the application of commercial
TEAM and OIM systems for collecting EBS diffraction
patterns were applied to identify intermetallic phases in
the microstructure of multicomponent, polyphase alu-
minum alloys.

Data collection parameters using SEM SCIOS, an
EDAX X-ray microanalyzer and a Hikari camera, along
with the acceptable range of their modification, were
tested to determine the optimal analytical procedure.

The analysis focused on the data contained in phase
and orientation maps as the source of information on the
alloy microstructure, especially in two-phase microre-
gions of peritectic crystallization involving the intermetal-
lic phase, a -AlFeMnSi.

==

==

d)

Fig. 10. Specimen 3. Estimation of the relative misorientation of the crystal lattice between crystalline phase grains in the
selected microregion: a) initial result obtained using functions of the TEAM system, b—d) sequence of subsequent matches
of misorientation degree at selected grain boundaries (b) and at interfaces o, -AlFeMnSi/Al (c) and o -AlFeMnSi/Al Fe (d)
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Although the data recorded for the particular speci-
men were rather dispersed, several kinds of typical in-
terfaces could be identified (Table 4):

— Interface between intermetallic phases: properitec-
tic/peritectic o -AlFeMnSi;

— Interface between matrix and intermetallic phase:
a-Al solid solution / peritectic o -AlFeMnSi;

— Internal interface inside peritectic phase: 1) between
layer of peritectic reaction product and semicongru-
ent crystals of the o -AlFeMnSi phase, and 2) grain
boundary between semicongruent crystals of the
peritectic o -AlFeMnSi phase.

The range of the misorientation degree estimated
for grain boundaries between different phases showed
that they were rather high-angle boundaries. This is
a result typical for phase constituents when an alloy
macrostructure forms during endogenic solidification.

However, the misorientation ranges on the interfaces
between intermetallic phases in two-phase microre-
gions seem to indicate a possible effect of the degree of
matching of the crystal structure and the local chemical
composition (Fe/Mn ratio) of neighboring microregions
on its value.

Assuming that the first crystals of the a -AlFeMnSi
phase are formed as a result of heterogeneous nucle-
ation on the surface of the peritectic phase crystals, the
influence of the mutual matching of the crystal lattice
of both phases (Eq. 1) can have a direct effect on the
critical radius of nuclei r [8,9]:

/d

uvw/n

3 bkl \
r=f{d , _Z[(d__ cosv-d 17 (1)

vw/n

Thus, the low misorientation angle observed be-
tween the layer of the a -AlFeMnSi peritectic phase
formed as a result of the peritectic reaction and the
semi-congruent crystals of a -AlFeMnSi (Table 4) may
confirm the assumption of their sympathetic nucleation
at this stage of the peritectic process [2]. Based on the
obtained results the geometrical relationships between
peritectic cubic phase, o -AlFeMnSi, and properitectic
crystals of both phases, B, -AlIFeMnSi (hexagonal) and
Al,Fe (tetragonal), could not be recognized. However,
the data shown in Table 4 seem to indicate that, with an
increase in the value of the Fe/Mn ratio, the tendency
to reduce the range of misorientation at interface be-
comes apparent.

Thus, taking into account the results obtained from
the examinations, the following conclusions can be for-
mulated:

1. The EBSD analysis data in the form of point diffrac-
tion patterns and in the form of phase and orienta-

tion maps is a useful tool for the identification of
processes on the alloy solidification path, especially
in the initial stage of solid phase nucleation.

2. Atthis stage of the examinations the data concern-
ing the identified range of crystal lattice misorien-
tation at the interfaces and at grain boundaries in
the aluminum alloy with the transition metals Fe
and Mn, are rather qualitative. The quantitative de-
scription of the recognized relationships requires
further research and should be confirmed based
on a statistically significant dataset.
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