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ABSTRACT  
 

The Al-Fe-Si system has been the focus of attention of world science for a long time, but there are still unknown scientific areas. A system that provides a fully 
intermetallic phase composition has been considered, which is a very relevant approach and is of particular interest. In this paper, based on modeling, the phase 

composition of an alloy rich in silicon and iron has been predicted using commercial starting materials. Heat treatment of the alloy has been carried out using two 

cooling methods: water and air. It has been found that with accelerated cooling in water, the α ↔ β transition is partially suppressed with the formation of a double 
intermetallic phase θ, with the replacement of some aluminum atoms with silicon atoms. When cooling in air, the dominant phase is the θ phase; the transition θ’ with a 

reduced iron content has been detected. 
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INTRODUCTION 

 

In recent decades, multicomponent systems based on light elements have 
attracted particular interest [1-5]. A low density of finished products is especially 

valued in such areas of production as the automotive, mechanical engineering and 

aerospace industries [6-10]. Among all the alloys of light elements, aluminum 
alloys have the greatest popularity and production volume. Depending on the 

content of the system's main components, these alloys are divided into 

deformable and non-deformable, thermally hardened and non-hardened. A 

special group of alloys with aluminum are the Al-Si and Al-Fe subsystems. It is 

worth noting that iron and silicon are practically non-removable impurities, and 

their content is usually strictly regulated [11-13]. But the special significance of 
these impurities is the ability to form ternary intermetallic compounds with 

aluminum. The type, the quantity, the morphology and the composition of 
intermetallic compounds have a decisive effect on the level of mechanical 

properties of alloys. As production volumes increase, aluminum alloys are 

increasingly recycled and therefore enriched with elements such as iron, silicon, 
and others at each recycling stage [14-22]. 

The aluminum angle of the Al-Fe-Si system is characterized by the formation of 

an FCC solid solution, α, β, θ, τ2 (γ), τ4 (δ) and τ8 phases. In this case, the α 
phase usually has the morphology of Chinese writing, or a block form, has a 

hexagonal type of crystal lattice, and can be mainly present at high temperatures. 

The β phase is monoclinic, it contains less iron and more silicon and aluminum 
compared to the α phase. It is a low-temperature modification of the high-

temperature α phase. The features of the α↔β transformation are affected by the 

cooling rate, ultrasonic treatment, and various additives of transition and rare 
earth metals. The morphology of the β phase is needle-shaped, lamellar, and can 

also be presented as stars. Thus, it is possible to completely suppress the α↔β 

transition with the formation of the αc phase with a cubic crystal lattice by 
introducing into the system manganese in the ratio Fe/Mn=0.5, chromium or a 

complex introduction of Mn and Cr, which summarizes the effect [23-28]. In 

commercial alloys, precipitation of intermetallic compounds is controlled by heat 
treatment; annealing with slow cooling and precipitation of intermetallic 

compounds from a supersaturated solid solution is used to separate intermetallic 

particles. Conversely, the quenching operation " freezes" the supersaturated solid 
solution. After such treatment, there are no intermetallic compounds in the metal 

structure; with accelerated cooling, dispersoids are formed providing the effect of 

thermal strengthening. 
In alloys with an increased silicon and iron content, the microstructure with a 

continuous series of intermetallics, or a duplex microstructure, is formed. In this 

case, the amount of intermetallics is such that there is insufficient solid solution 
for their dissolution. So, their phase formation during heat treatment will differ 

from the generally accepted one.  

This paper studies the effect of heat treatment on the microstructure of an 

intermetallic alloy, which mainly consists of intermetallics, in the Al-Fe-Si 

system. 

 

MATERIAL AND METHODS 

 
The study used an Al60Fe30Si10-based alloy synthesized by the additive method 

using horizontal consumable electrode surfacing. Commercial materials 

simulating the use of recycled alloys and/or scrap metal have been selected as the 

initial raw material for the alloy. The synthesis was performed using an electric 

power source for melting the alloy components, a VDM-1202 welding rectifier 

with an RB-301 ballast rheostat. A stationary SS-1200/SP welder's filter and 
ventilation table was used for the experiments. The initial components have been 

melted by exciting electric arc with the welding current of 290 A. Commercial 
aluminium alloy grade AD31N in 2 mm thick sheets, commercial steel grade St3 

in 2 mm and 5 mm thick sheets, and silicon of a -500 μm fraction have been used 

to obtain the specified composition. A 2 mm thick steel sheet has been cut into 15 
x 20 x 2 mm blanks and used as electrodes. Sheet aluminum has been cut into 

100 x 30 x 2 mm blanks. Silicon has been applied to aluminum plates at the rate 

of 2.5 g silicon per 15 g (1 plate) of aluminum with the wet method followed by 
drying at room temperature within at least 12 hours. 

To obtain the Al60Fe30Si10 composition, a package consisted of 4 aluminum 

plates with silicon deposited on them and placed on a steel base plate that was 5 
mm thick. Synthesizing has been carried out under the AN-348 flux. After 

removing the slag crust, an alloy ingot was obtained that was cut using a Unitom-

2 cutting machine with cooling into templates to determine the chemical 
composition and to perform metallographic analysis. The chemical composition 

of the synthesized alloy has been controlled using an Olympus Vanta Element-S 

X-ray fluorescence analyzer with the light element detection option. After 
determining the actual composition using ThermoCalc software version 2024a, 

TCAL8: Al-Allous v8.2 database, the diagram of changing the volumetric 

composition of the phases has been plotted. The diagram allows a better 
interpretation of the results and the heat treatment temperature selection. When 

plotting, the composition has been specified in weight %, considering the actual 

composition of the obtained material. Heat treatment has been carried out in a 
Nabertherm furnace with heating to 600 °C, holding at this temperature within 30 

minutes and cooling in two modes: in water and air. After cooling, the 

microanalysis was carried out on an optical microscope, and the EDS analysis of 
phase components was performed on a scanning electron microscope. 

Microsections for metallographic analysis have been prepared according to the 

standard method on a Labotom-5 grinding machine using lubricants. 
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RESULTS AND DISCUSSION

 

 

Fig. 1 Volume fraction of the all phases (a); magnified (b) 

                                                                                                                                                       

Material 

 
This work has studied an Al-Fe-Si system alloy that is rich in both iron and 

silicon. It was obtained by surfacing synthesis from commercial materials and 

subjected to heat treatment. The initial components were steel grade 3, 
deformable aluminum alloy AD31N, silicon powder, and fused flux AN-348. The 

composition of the obtained alloy is shown in Table 1. The proportions of the 

initial components were selected based on the Al60Fe30Si10 ratio. 
 

 

Table 1 Chemical composition of the synthesized material 

Chemical composition, wt. % 

Al Fe Si Mn Mg Cr Ni Cu Other 

60.15 30.79 7.61 1.08 0.18 0.04 0.016 0.0245 0.06 

 
Thermodynamic calculations using the CALPHAD method 

 

In order to bring the simulation results closer to the real situation, the actual 

values of the chemical composition of the alloy have been used for simulation. 
Based on the obtained alloy composition, the thermodynamic calculations have 

been performed that show the actual phase composition of the alloy at the room 

temperature, phase transformation temperatures and the liquidus temperature. 
Fig. 1 shows the volume fraction of phases formed in the alloy under 

consideration in the temperature range from 1600 °C to room temperature. It can 

be seen that phase θ is the primary phase, which will be in the liquid, constantly 
interacting with it until complete crystallization at 563 °C. The cubic phase αc 

formed due to the presence of manganese, is released at the temperature of 807 

°C. The hexagonal phase αh is formed only at the temperature of 753 °C. The 
transformation α↔β begins at the temperature of 558 °C and continues until the 

complete exhaustion of the αh phase at the temperature of 450 °C. The phase αc 

is present in the system up to 463 °C. 
According to Sheil, the simulation assumes cooling is slow and phase formation 

occurs in equilibrium. The volume of the formed phases shows that aluminides 

and silicides with impurity elements are most actively formed at the temperature 
of ~600 °C in the amount proportional to the impurity content in the alloy. In this 

case, aluminum compounds with phosphorus and sulfur precipitate at 1136 °C 

and 863 °C, respectively. At room temperature, the θ phase is present in two 
modifications. At room temperature, the entire volume of the alloy consists of 

intermetallics: 63 % β and 36.5 % θ. The remaining 0.5 % are silicides and 

aluminides. Thus, it has been revealed that secondary materials, such as 
commercial aluminum alloys and steel, can be used to obtain Al-Fe-Si system 

alloys. This approach allows significant reducing the cost of the resulting alloys. 

Based on the simulation results, it has been decided to select the heat treatment 
temperature of 600 °C. 

 

Alloy “as prepared” 

 

As a result of additive synthesis, an alloy that almost entirely consisted of β and θ 

intermetallic phases has been obtained. The results of thermodynamic modeling 
are in good agreement with the microanalysis data. However, the solid solution of 

aluminum located in the intermetallic space can be seen in the microstructural 

photographs, Fig. 2. The β and θ phases have been formed simultaneously, which 

agrees with the data on the temperatures of phase transformations obtained 

during modeling. The areas between the intermetallic particles are practically free 

of impurity atoms, where the solid solution of aluminum crystallizes. The 
discrepancy between the phase composition data at room temperature in the "as 

prepared" state is due to crystallization under non-equilibrium conditions. Most 

aluminides and silicides are concentrated in the area free of β/θ intermetallic 
phases. At the same time, the intermetallic particles are not represented by stars, 

needles, or plates, as is typical for most system alloys under consideration, which 

have a lower content of silicon and iron. 
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Microstructure evolution in the heat treatment 

 
Fig. 3 shows the microstructure after heat treatment. The cooling rate does not 

fundamentally affect the morphology of the alloy's intermetallic components, but 

it does lead to certain changes in their composition. 
To understand better the phase transformations that occur in the alloy upon 

cooling from 600 °C, it is necessary to refer to its phase diagram. During holding  

at the heat treatment temperature, complete dissolution in the aluminum solid 
solution will not occur due to the composition. At this temperature, the phase 

transition of 85 % of the alloy composition to the hexagonal phase αh and 12 % 

to the cubic phase αc formed due to the presence of manganese will be observed. 
An insignificant number of liquid accounts for the remaining ~3 %, i.e. melting 

can be observed in certain areas of the sample, as well as a residual amount of the 

high-temperature phase θ. Upon cooling in the temperature range of 558-463 °C, 
the phase transition α↔β will occur, and the final phase composition will differ 

slightly from the composition corresponding to the phase diagram due to the non-

equilibrium cooling conditions. Taking into account the accelerated (compared to  

 

equilibrium) cooling, the complete transformation α↔β does not occur, and in 

this case, the low-temperature phase θ is formed first, the crystals of which serve 
as nuclei for the formation of the remaining phases. With cooling in water, in 

addition to the θ phase, the θ#2 phase is formed. It differs in that the aluminum 

atoms are partially replaced by silicon atoms. The EDS analysis records the θ#2 
phase with the composition of Al (60.9-62.43) Fe (35.12-35.71)Si(2.45-3.38) 

wt%. Silicon is in the phase at the solubility level in the aluminum solid solution. 

Based on the θ phase particles, precipitates of the α phase with the composition 
of Al (56.95-60.38) Fe (35.07-35.60)Si(6.92-7.45) wt% are also detected. Such 

enrichment of the θ phase with silicon coincides with the results obtained in [30]. 

Partial replacement of aluminum atoms by silicon atoms in the θ phase provides 
prerequisites for the formation of FCC aluminum regions, including those with 

dissolved silicon atoms in the amount of up to 4 %. The growth of intermetallic 

phases occurs before the collision of particles or before the critical depletion of 
the region around the growing particle in silicon and iron atoms. At room 

temperature, the depleted region is represented by an FCC solid solution of 

aluminu
 

 

 

                                                                Fig. 2 Optical image of the alloy microstructure in the “as prepared” state 

 

 

Fig. 3 a  SEM image of the alloy microstructure and spectrum for the FCC region of aluminum after heat treatment at 600 °C with cooling in water (a)  
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Fig. 3 b  SEM image of the alloy microstructure at 600 °C - in air (b) 
 

With decreasing the cooling rate, a slight increase in the size of intermetallic 

particles is observed. In this case, the FCC regions have sizes of 50-150 μm by 
1000-1500 μm for water and air cooling. With cooling in air, the θ#2 phase with 

dissolved silicon is also observed in the structure, but the amount of the θ phase 

with the composition of Al (62.47-62.91) Fe (37.09-37.53) predominates. In 

addition, a transition phase θ’ with the composition of Al (88.88-90.23) Fe (9.77-

11.12) has been detected. 

 

CONCLUSION 

 

The study has studied the phase formation of a multicomponent alloy based on 
the Al-Fe-Si system obtained using commercial alloys by the additive method 

and reached the following conclusions. 

1. When using commercial alloys as initial components, impurities present in the 
alloys can act as alloying elements and form insoluble impurities/inclusions. 

Thus, the presence of such harmful impurities as sulfur and phosphorus leads to 

the formation of silicides and aluminides that are not removed into the slag. 
Impurities of molybdenum, magnesium, nickel and scandium dissolve poorly in 

the alloy, forming insoluble compounds. Copper is also prone to the formation of 

individual phases. The total amount of silicides and nitrides formed corresponds 
to the amount of the elements that create them in the initial alloys.  

2. Thermodynamic modeling allows successful prediction of the phase 

composition of the alloy, considering all the impurities present; in general, the 
impurities present in the original alloys do not significantly affect the phase 

composition of the alloys compared to using only pure components. 

3. Manganese can be reduced from slag, penetrating the metal and transforming 
the hexagonal αh phase into the cubic αc phase. 

4. As a result of heat treatment at the maximum content of the α phase, the 

transformation β↔α occurs during heating and holding, the nature of the 
transformation α↔β is determined by the cooling conditions. 

5. During accelerated cooling in water, the monoclinic phase θ is enriched with 

silicon atoms, a certain amount of the α phase is observed framing the 
intermetallic particles θ, and during slow cooling in air, the transition phase θ’ 

with an increased aluminum content is formed. 
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