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Abstract: This study examines the effect of silicon and manganese addition on the phase
composition and electrical properties of Al-Fe alloys using both experimental methods
and thermodynamic modeling with the ThermoCalc software package. This research
focuses on the Al-Fe-Si-Mn system, which shows potential for developing conductive
aluminum alloys with enhanced performance characteristics. It was found that when
silicon and manganese are added in amounts up to 0.6%, the formation of intermetallic
phases such as AlgFe;Si and AljsMnj3Si; occurs. These phases significantly influence the
electrical conductivity and mechanical stability of the alloy. Thermodynamic modeling
proved effective in predicting phase formation, guiding the selection of alloy compositions,
and optimizing heat treatment parameters. The optimal composition for a conductive
aluminum alloy includes up to 0.8% Fe, 0.5% Si, and 0.6% Mn. Heat treatment in the
range of 500-550 °C resulted in a favorable combination of strength, electrical conductivity,
and thermal resistance. The findings support the use of Al-Fe-Si—-Mn alloys in electrical
and structural applications and demonstrate the value of combining computational and
experimental approaches in alloy design.

Keywords: ThermoCalc software; aluminum alloy; thermodynamic calculations; hardness;
electrical conductivity; phase diagram

1. Introduction

With the increase in electricity consumption caused by the increasing use of automated
equipment and electronic devices, including in everyday life, the need to increase the
capacity of overhead power lines (overhead lines) is increasing. This can be achieved either
by increasing the aluminum alloy content in the cross-section of the cable, consisting of
aluminum wire and a steel (composite) core, or by increasing the operating temperature
of the cable, which increases its heat resistance and allows the transmission of higher
currents [1]. In recent decades, there has been a significant expansion in the use of aluminum
cable alloys with an iron content in the range of 0.3-1 wt. %. Studies [2] have shown that
the addition of up to 0.8 wt. % iron contributes to an increase in the strength and ductility
of aluminum after deformation treatment, while practically not reducing its electrical
conductivity. In other works [3,4], it was noted that the application of intensive plastic
deformation to aluminum alloys with an iron content of up to 2 wt. % makes it possible
to increase their plasticity and enable wire drawing up to 0.08 mm in diameter. These
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properties make Al-Fe alloys promising for industry, where stranded cables with low
weight, strength over 600 MPa, and electrical conductivity of at least a standard value are in
demand. However, this method is not yet applicable in industry and remains at the stage of
laboratory research, demonstrating only the potential of these alloys. It is important to note
that conductor alloys have strict requirements for the content of impurities, which limits
the possibility of using scrap and waste (secondary raw materials) in their production. The
exception is waste and scrap conforming to GOST R 54564-2011 (groups Al, A2, A3, A4),
represented by building profiles and structures made of alloys 6063 and 6061 [2,3]. Since
the use of secondary raw materials can significantly reduce the cost of production, the study
of its possible use in conductive Al-Zr alloys becomes relevant. The key task in this case
is the scientific substantiation of methods for binding impurities (in particular, Fe and Si)
into phases with favorable morphology, avoiding needle structures, and minimizing their
content in (Al). As for pure aluminum, it has reached the limit of possible improvement
in physical and mechanical characteristics. According to [5], its yield strength does not
exceed 100 MPa, and its electrical conductivity is limited by the standard value. In this
regard, Al-Fe aluminum alloys are widely used as conductors in power transmission lines,
construction, and various engineering and transport applications. Their popularity is
explained by their low cost and balanced set of physical and mechanical properties. Thus,
studies [6] show that the combination of rolling and heat treatment makes it possible to
achieve the strength of Al-1 wt.% Fe wire at the level of 200 MPa [7]. At the same time,
the authors of [8] found that drawing aluminum wire to a diameter of 0.15 mm is possible
with the addition of no more than 0.8 wt.% Fe, which improves strength properties without
significant loss of electrical conductivity. Despite a number of advantages, aluminum
conductors are inferior to copper conductors in terms of mechanical strength, which limits
their use.

Traditionally, the strength of aluminum is increased by creating aluminum alloys
alloyed with manganese and silicon, which have a good balance of strength and electrical
conductivity. It was noted in [9] that after the heat treatment complex, the yield strength
of these alloys reaches 150 MPa with good electrical conductivity. Studies [10] confirm
the relevance of aluminum alloys alloyed with manganese and silicon as conductors in
transport systems, as well as their increased corrosion resistance after equal-channel angular
pressing. However, despite the improved performance, they cannot completely replace
copper conductors due to insufficient strength and electrical conductivity. In this regard,
the development of conductive aluminum alloys combining high electrical conductivity,
strength, and heat resistance is an urgent task. Recent studies show that Al-Fe alloys
have significant potential for further improvement due to their low cost and the ability
to optimize their physical and mechanical properties. Iron has very limited solubility in
aluminum, minimizing the solid solution effect on electrical conductivity [11,12]. At the
same time, traditional casting methods, such as coquille casting, can lead to the formation of
large intermetallic particles that reduce ductility and strength during subsequent processing
(drawing, rolling, etc.). A number of studies [13,14] have shown that the use of continuous
casting in an electromagnetic mold makes it possible to form intermetallic compounds with
nanometer dimensions and evenly distribute them in aluminum, due to the high cooling
rate (103-10* K/s).

Unlike previous works that mainly focused on binary or ternary systems, this study
investigates the quaternary Al-Fe-Si-Mn system both computationally and experimen-
tally, providing practical insights into the design of conductive and corrosion-resistant
aluminum alloys.

Aluminum alloys of the Al-Fe-Si-Mn system play an important role in industrial
and engineering applications due to their high strength, good workability under pressure
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treatment, and enhanced corrosion resistance provided by the addition of manganese [15].
Low-alloy alloys of this system can be considered for electrical engineering applications, in
particular, for the production of conductive wire [16], despite the presence of Mn in the alloy,
which is one of the elements that most reduce the main property of the material of this type:
specific electrical resistance [16]. As a rule, the mechanical characteristics of the material,
such as tensile strength, have an inverse relationship with the electrical resistance of the
material, i.e., the electrical property. At the same time, achieving an optimal balance of
electro-mechanical properties entails an increase in the throughput (current) of the material,
which is an absolute advantage, since the current load on electrical networks increases
from year to year. The optimization of chemical and phase compositions, on which the
achievement of the balance of the properties described above largely depends, requires the
use of modern methods, such as thermodynamic modeling. ThermoCalc software allows
effectively predicting the phase equilibria, the phase composition, and changes in their
properties depending on the concentration of components and temperature.

2. Materials and Methods

The TTALS database of the ThermoCalc software was used for the study. It includes
information on the phases formed in aluminum alloys. Calculations were performed for
the Al-Fe-Si-Mn system at various temperatures and component concentrations.

The construction of fragments of phase diagrams of the Al-Fe-Si—-Mn system is a key
step in establishing and interpreting phase transformations and equilibrium states in alloys
of this system. Accurate diagram construction was based on thermodynamic data from the
TTALS database [15,16].

As part of the study, phase diagrams were built for various concentrations of iron and
silicon in temperature ranges characteristic of the melting and heat treatment of aluminum
alloys. Modeling showed that with an increase in iron and silicon content in the alloy, the
phase composition changed as follows significantly.

According to the literature data [15] and according to the simulation results in the
ThermoCalc program, the Al-Fe-5i-Mn diagram has a complex structure, and the following
phases can be in equilibrium with (Al):

e  AlzFe—the phase that is known for its high strength but also prone to decreasing
ductility with increasing the Fe content.

e  AlFeSi—the phase that improves mechanical properties and corrosion resistance.
This compound stabilizes the alloy structure and promotes a uniform distribution of
secondary phases, enhancing strength and stabilizing electrical behavior.

o  AlgMn—the phase that can also affect the mechanical properties of the alloy, but its
formation depends on the presence of manganese in the system.

The considered calculations (Figure 1) made it possible to determine the phase compo-
sition of the alloys depending on the concentration of iron and silicon, as well as on the
temperature, which made it possible to predict the formation of various phases and their
distribution in the alloy. These data can be used to optimize the composition and conditions
of heat treatment to improve the mechanical and operational characteristics of the alloys,
such as strength, ductility, and corrosion resistance. Modeling phase diagrams showed that
increasing the iron content contributes to the formation of more stable Al3Fe phases, which
increases the strength characteristics but also reduces the material ductility. The addition
of silicon promotes the formation of AlFeSi phases, which improve the distribution of
secondary phases and also increase corrosion resistance.
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Increasing conductivity in the aluminum-iron-silicon-manganese system can be
caused by the formation of certain intermetallics that have high conductivity compared
to pure metals or alloys. This improvement in conductivity can be caused by a specific
electronic structure or bonding features of the intermetallics.
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Figure 1. Polythermal sections of the Al-Fe-Si-Mn phase diagram calculated using ThermoCalc
software (TTALS database): (a) variation in iron content at fixed 0.5% Si and 0.6% Mn; (b) variation in
silicon content at fixed 0.5% Fe and 0.6% Mn; (c) variation in manganese content at fixed 0.5% Fe and
0.5% Si. Temperature range: 400-700 °C.

The structure of the Al-Fe-Mn-5i system is still a subject of debate. The phase diagram
of this system is shown in Figure 2. The basis of the discussion is the presence or absence
of a four-fold phase. Previously, it was believed that there was a continuous series of solid
solutions between the AlgFe,Si and Al;5Mn3Si; compounds [17]. Later, this concept was
reduced to the fact that those compounds had different crystal structures: hexagonal and
cubic, respectively.

The Alj5Mns3Si; compound is based on a large solid solution region extending to
the Al-Fe-Si boundary. In this diagram variant, manganese is replaced by iron in a
ternary compound of up to 31% Fe, 1.5% Mn, 8% Si, and in a wider homogeneity region,
Alj5(FeMn)sSi; is interpreted as a four-fold phase assembly. The distribution of these
phase regions and the possible transformation of Al;5(FeMn)sSi; into an invariant form at
concentrations of up to 12% Si, 1% Fe, and 2% Mn are given in Table 1.
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Figure 2. Calculated phase diagram of the Al-Fe-Mn-5i system based on data from [17]: (a) liquidus
boundary regions; (b) phase distribution in the solid state. Phase labels are positioned consistently

across both diagrams for visual comparison.

Table 1. Invariant five-phase reactions in the Al-Fe-Mn-Si system [17].

Amount in the Liquid, %

Reaction T, °C
Si Fe Mn
L + AlyFe + Alg(FeMn) — (Al) + Al;5(FeMn)3Si, 648 1.75 2 0.35
L+ A13Fe — (Al) + AlgFEZSi + A115 (FeMn)35i2 627-632 3-5 2-2.5 <0.2
L + AlgFe,Si — (Al) + AlsFeSi + Al;s(FeMn);Si, 597-607 5-10 1-2 0.1-0.5
L + AlsFeSi — (Al) + (Si) + Al;5(FeMn)3Siy 575 11.7 0.6 0.2

It was found that alloys containing 10-14% Si, 0-1% Fe, and 0-4% Mn contain a
four-fold compound Al;4(FeMn),Si3-Si, which leads to the formation of a quasitron sec-
tion of Alj¢(FeMn),Sis [17]. On both sides of this section, two second-order systems are
formed: Al-Alyj4(FeMn),Si3-AlsFeSi-Si (adjacent to the Al-Fe-Si boundary). In addition,
one more second-order system can be distinguished, which is below 596 °C: AlsFeSi-
A14FeSi2-A116(FeMl‘l)4Sig-Si.

According to [18], in alloys containing 10-14% Si, non-variant reactions occur, as
shown in Table 2.

Table 2. Non-variant reactions in the Al-Fe-Mn-Si system [3].

Amount in the Liquid, %

Reaction T, °C

Si Fe Mn
L + Al4FeSi, — (Si) + AlsFeSi + Alj¢(FeMn),Si; 596 - - -
L — (Al) + (Si) + Alyg(FeMn)4Sis 576 12.4 0.36 0.40
L — (Al) + (Si) + AlsFeSi + Aljg(FeMn)4Sis3 574 12.3 0.65 0.29
L — (Al) + (Si) + Al15Mn3Siy + Aljg(FeMn)4Sis 575 12.4 0.17 0.52

The combined effect of iron and silicon at 0.6% Mn shows that at 0.5% Si with 0.5% Fe
and at 0.5% Si with 0.8% Fe, primary crystals of the Alg(FeMn) phase must inevitably form,
but the iron content of less than ~0.03% leads to the formation of the AlgFe phase (Figure 3).
Due to the low solubility of Fe in (Al), the Alg(FeMn) phase is mainly of crystallization
origin. The consequence of this is decreasing the Mn concentration in (Al) in the cast state
and decreasing the amount of AlgMn dispersoids formed during annealing [18-23].
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Figure 3. Polythermal sections of the Al-Fe-Mn-S5i system diagrams calculated using ThermoCalc
software: (a) alloy with 0.5% Si, 0.5% Fe and 0.6% Mn; (b) alloy with 0.5% Si, 0.8% Fe and 0.6% Mn.
Phase labels: A6-Alg(FeMn); A9-AlgFe; A15-Al;5(Fe,Mn);5i,.

At a sufficient silicon concentration (over 0.5%), at 0.8% Fe and 0.6% Mn, primary
crystals of the Aly5(Fe,Mn);Si3 phase can form, and this can be seen in Figure 3.

These intermetallic compounds contribute to improved electrical performance due
to their specific crystal lattice and strong metallic bonding between aluminum and iron
atoms. Their structure facilitates efficient electron transport, which enhances the overall
conductivity of the alloy.

Phases such as AlSi (e.g., AlSip) may enhance electrical behavior due to their character-
istic electronic structure. Aluminum silicides can facilitate more efficient electron transport,
thereby contributing to favorable conductivity in the alloy.

Iron silicides such as FeSi may contribute to electrical performance in high-silicon
alloys. The presence of silicon in these compounds influences the electronic structure, as
iron silicides typically exhibit metallic-type conductivity.

Intermetallics such as FeMn3 and other Fe-Mn compounds can also influence elec-
trical behavior. Manganese, in turn, may enhance charge transport in iron-rich alloys by
modifying the electronic structure and increasing the electron density.

There are also intermetallics such as AIMn; that can affect conductivity. These phases
can have their own characteristics that contribute to improved conductivity due to the
features of their crystal structure and composition.

Thus, increasing conductivity in this system can be associated with the formation of
intermetallics such as AlFe, AlSi, FeSi, AIMn, and others, which have a certain structure
and contribute to better electron movement through the material. It is important to note that
this improvement in conductivity depends on the content of each element in the alloy and
on the temperature, since phase transformations and the degree of alloying can significantly
change the electrophysical properties of the material.

Calculations indicate that achieving optimal mechanical characteristics requires taking
into account the percentage content of iron, silicon, and manganese in order to avoid the
formation of unfavorable phases such as AlsFe and AlFeSi in excessive quantities, which
can lead to deterioration in ductility and decreasing impact toughness. The balanced
content of these elements promotes the formation of stable and uniformly distributed
phases, which is expected to improve structural stability and corrosion resistance, making
the alloy potentially more suitable for industrial applications.

In addition, changes in phase boundaries with changing cooling conditions were stud-
ied, which is important for controlling the alloy structure after heat treatment. Modeling
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phase diagrams taking into account the cooling rate made it possible to predict how the
phases will be distributed in the alloy, as well as to indicate the optimal conditions for the
formation of the desired structural elements.

The evaluation of phase transformations in aluminum Al-Fe-Si-Mn alloys is an
important step in predicting their structure and properties. The ThermoCalc software
package enables the detailed modeling of these processes, accounting for changes in
temperature and composition, which makes it possible to analyze in detail the behavior of
the phases under various process conditions.

Modeling phase transformations with changes in temperature showed that with
increasing the temperature, significant changes in the composition and morphology of the
phases occur. In the Al-Fe-Si-Mn system, such phases as Al3Fe, AlFeSi, AlgMn, and AlMn;
have different temperatures of formation and solubility, which must be taken into account
when developing alloys with the required properties.

At temperatures below 400 °C, such primary phases as AlsFe and AlFeSi begin to
form in the alloy, which are stable at low temperatures.

At approximately 600 °C, the Al;Fe phase begins to decompose into smaller crystals,
which changes the mechanical properties of the alloy. At this time, the AlFeSi phase also
forms, which stabilizes at high temperatures, improving corrosion resistance.

At temperatures above 700 °C, such phases as AlzFe completely dissolve in the liquid
metal, which makes the alloys easier to cast and process but can also lead to a loss of the
original strength characteristics.

Changing the content of Fe, Si, and Mn components also affects phase transformations.
Modeling has shown the following:

e Increasing the iron content promotes the early formation of the AlzFe phase, which
increases the strength of the alloy but reduces its ductility. In this case, the phase
boundary between AlsFe and the liquid solution shifts towards lower temperatures.

e Increasing the silicon content leads to a more significant formation of the AlFeSi phase,
which stabilizes the alloy structure and promotes a more uniform distribution of
secondary phases, which reduces the risk of forming large brittle intermetallics.

e  The balanced silicon and iron content avoids the excessive formation of brittle phases,
maintaining optimal mechanical properties at higher temperatures.

The results of phase transformation modeling can be used to optimize heat treatment,
including the selection of temperature conditions for melting, annealing, quenching and
subsequent cooling. This allows minimizing the formation of undesirable phases, such
as large intermetallic compounds, and ensuring a structure with the required mechanical
properties, such as high strength, ductility, and corrosion resistance. This approach helps
improve the technology of alloy production and their adaptation to specific operating
conditions. Thus, the assessment of phase transformations with changes in temperature
and composition is the key to managing the properties of Al-Fe-Si-Mn aluminum alloys.
The obtained results made it possible to develop recommendations for controlling the
composition and thermal conditions to achieve optimal mechanical properties of the alloys.

To confirm the obtained results using ThermoCalc software, the main objects of the
study were aluminum alloy sheets containing up to 1% Fe 0.5% Si 0.6% Mn. Experimental
alloys (Table 3) were prepared in an electric resistance furnace in a graphite—chamotte
crucible made of primary aluminum of grade A7E (SSThe c11069-2001). Flat ingots with
dimensions of 40 mm x 120 mm x 200 mm were obtained by casting into a graphite mold.
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Table 3. Chemical composition of experimental alloys.
Alloy Concentration, wt.%
No. Designation Si Fe Mn Al
1 0.2Fe 0.255 0.246 0.180 Base
2 0.3Fe 0.374 0.345 0.283 Base
3 0.4Fe 0.410 0.438 0.380 Base
4 0.5Fe 0.345 0.548 0.476 Base
5 0.8Fe 0.498 0.765 0.574 Base

Annealing was carried out in an SNOL electric furnace in stepwise modes at 400-650
°C with a 50 °C step and a holding time of 3 h, as summarized in Table 4.

Table 4. Heat treatment modes for experimental samples of the Al-Fe-Si-Mn system.

. . Annealing Mode
Designation
t, °C T, h

T400 350-400 3
T450 400450 3
T500 450-500 3
T550 500-550 3
T600 550-600 3
T650 600-650 3

Note on designations:

e  Designations such as T400-T650 correspond to stepwise annealing temperature ranges
(e.g., T500 indicates annealing from 450 to 500 °C).

e HP refers to cold-rolled sheets, S refers to hot-rolled sheets, and L indicates
as-cast ingots.

e  Numbers following the letters indicate the final annealing temperature or processing
condition. For example, HP450 refers to a cold-rolled sheet annealed at 450 °C.

Rolling procedures:

e  After casting, the ingots were subjected to two types of deformation: hot rolling and
cold rolling. Hot rolling was performed at a temperature of approximately 450-500 °C
to reduce the thickness of the ingots. Cold rolling was carried out at room temperature
after intermediate annealing, achieving a final thickness reduction of approximately
80%. Intermediate annealing steps were performed between passes to relieve internal
stresses and refine the microstructure.

The microstructure of the samples was studied using a Magus Metal VD700 BD LCD
optical microscope (Guangzhou Liss Optical Instrument Co., Ltd., Guangzhou, China)
and a TESCAN VEGA 3 scanning electron microscope (TESCAN GROUP, Brno, Czech
Republic). Both mechanical and electrolytic polishing were used to prepare the sections,
which were carried out at the voltage of 12 V in an electrolyte containing 6 parts C;HsOH,
1 part HCIO4 and 1 part glycerol.

3. Results and Discussion

It can be seen from the metallographic analysis of the samples that the assumption
about the formation of the FeSi, FeMn3, and Al;5Mn3Si; phases was confirmed. There are
inclusions of the phase (Al, Fe, Si) in the form of skeletal fragments or veins along the
boundaries of dendritic cells (Al). During the rolling process, the equiaxed grain structure
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was transformed into a fibrous one, and the inclusions of the iron-containing phase also
stretched out.

Annealing did not cause significant microstructural changes observable via optical
microscopy; therefore, structural and phase transformations during the annealing process
were assessed by changes in resistivity and hardness, as well as by the calculation results.

For each mode, specific electrical conductivity was measured, which was determined
by the eddy current method on a VE-26NP device, and then they were converted into
specific electrical resistance. As follows from the dependences shown in Figure 4a, when
using multi-stage annealing, the minimum values of resistivity of the experimental alloys
are achieved at 450-500 °C, which can be explained by the maximum decrease in the
concentration of iron in the aluminum solid solution. It is important to note that in this
state, the experimental alloys of 0.5% Fe and 0.8% Fe have the same resistivity values. It
follows that the effect of Lj, phase nanoparticles on electrical resistance is much less.

With increasing temperature, increasing resistivity is observed for both ingots
(Figure 4a) and sheets (Figure 4b,c), which is obviously caused by increasing the con-
centration value according to the solvus of the Al-Fe diagram. The difference in resistivity

of the alloys of 0.5% Fe and 0.8% Fe again begins to increase, reaching the maximum at
650 °C.

—e— O5Fe

p, HkQ'mm
P, pkQ-mm

0 100 200 300 400 500 600 0 100 200 300 400 500 600

(@ (b)

S —=— 08Fe

()

Figure 4. Effect of the final annealing temperature on the specific electrical resistivity of the experi-
mental alloys: (a) ingots; (b) cold-rolled sheets; and (c) hot-rolled sheets. All graphs are presented in
a uniform style; p is in uQ)-mm and temperature in °C.

Analyzing the obtained results, it can be concluded that the decomposition of the (Al)
solid solution occurs at the slowest rate in the ingots and at the fastest rate in the cold-rolled
sheets. In particular, for the alloy containing 0.5 wt.% Fe, the minimum resistivity values
are observed to be 29.7 x 10~? Q-m for the ingot annealed under the T500 condition and
28.7 x 1072 Q'm for the cold-rolled sheet in the HP450 condition.

Obviously, as the annealing holding time increases, the difference between these
values is expected to decrease.
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In addition to the detailed results for 0.5Fe and 0.8Fe alloys, the alloys with lower iron
contents—0.2Fe, 0.3Fe, and 0.4Fe—were also investigated. These compositions demon-
strated expected trends, with slightly lower hardness and electrical resistivity compared to
the higher-iron alloys. The 0.2Fe and 0.3Fe alloys, in particular, showed reduced volume
fractions of intermetallic phases such as AlzFe, resulting in more ductile microstructures.
While the structural differences were less pronounced under light microscopy, measure-
ments confirmed that electrical resistivity decreased gradually from 0.2Fe to 0.4Fe before
reaching minimum values in the 0.5Fe alloy. These results confirm the transitional behavior
across the series and highlight the continuous effect of iron content on physical properties.

The microstructures of the alloys are shown in Figures 5-8. In the 0.5Fe alloy, veins
of the AlsFe phase are visible, and in the 0.8Fe alloy, particles of the Alj5(Fe,Mn)3Sip
phase are visible. The confirmation was obtained from microstructural analysis, and the
morphology indicates the presence of eutectic structures. During intermediate annealing,
phase separation and microparticles can be clearly seen. There is an increase in dendritic
cells (Al).

500 Mkm

Figure 5. Microstructure of Al-0.5% Fe alloy after hot rolling with intermediate annealing at 550 °C:
(a) optical microscopy (OM), etched section, scale bar—100 pum; (b) scanning electron microscopy
(SEM), etched surface, showing elongated AlzFe intermetallic phases along deformation lines, scale
bar—500 um.

e

| SOQ MKM |

Figure 6. Optical micrograph (OM) of Al-0.8% Fe alloy after hot rolling with intermediate annealing
at 650 °C. The structure shows equiaxed grains with moderate size distribution. Scale bar—500 pm.
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Figure 7. Optical micrograph (OM) of Al-0.8% Fe alloy after hot rolling without intermediate
annealing (condition S300). Elongated intermetallic phase regions are visible in the dendritic structure.
Scale bar—500 pm.

Figure 8. SEM micrograph of an Al-Si-Fe-Mn alloy with 8% Si, 0.7% Fe, and 0.3% Mn, showing
skeletal Alj5(Fe,Mn)3Si, intermetallics; 15 kV, 600 %, scale bar—10 pum.

The addition of manganese is believed to reduce the detrimental effects of iron by
promoting the formation of complex intermetallics such as the Al;5(Fe,Mn)3Si; phase,
which exhibits skeletal morphology, as observed in Figure 8. While the morphology
is consistent with literature reports, further confirmation using EDS or XRD would be
necessary to verify the exact phase composition (Figure 8) [24].

The results obtained can be used to optimize the composition of aluminum alloys,
especially in cases where a combination of high strength and resistance to external influ-
ences is required. Thermodynamic modeling with ThermoCalc can significantly reduce the
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development time of new alloys and improve their manufacturability, which is especially
important for high-performance engineering applications where precise material matching
is essential.

4. Conclusions

The ThermoCalc software has proven to be a reliable and effective tool for the ther-
modynamic modeling of phase compositions in aluminum alloys, particularly within the
Al-Fe-Si-Mn system. Its use enables the prediction of phase equilibria, the assessment of
alloying effects, and the optimization of processing parameters. This approach significantly
reduces the time and cost required for alloy development, providing a solid foundation for
integrating simulation and experimental techniques in materials science.

The modeling of phase diagrams, combined with experimental validation, confirmed
the formation of key intermetallic compounds such as Al3Fe, AlFeSi, and Al;5(Fe,Mn)3Siy,
which play a decisive role in tuning the mechanical and electrical properties of the alloys.
The presence of manganese and silicon was shown to neutralize the negative effects of iron
and to promote a more uniform phase distribution, improving the structural integrity of
the material.

The analysis of the iron, silicon, and manganese content demonstrated that the optimal
ratio—up to 0.8% Fe, 0.5% Si, and 0.6% Mn—Ileads to the development of aluminum alloys
with a favorable combination of high strength, ductility, corrosion resistance, and electrical
conductivity. Furthermore, it was found that heat treatment in the temperature range of
500-550 °C ensures a stable microstructure with improved thermal resistance and reduced
electrical resistivity.

These findings provide valuable insights into the design of conductive aluminum
alloys intended for engineering, structural, and electrical applications. The integration of
thermodynamic modeling and controlled alloy processing opens new opportunities for
creating advanced materials with predictable and optimized properties.
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