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Abstract: The effects of Si and Zr on the microstructure, microhardness and electrical conductivity of
Al-Fe-Si-Zr alloys were studied. An increase in the Zr content over 0.3 wt. % leads to the formation of
primary Al3Zr inclusions and also decreases mechanical properties. Therefore, the Zr content should
not be more than 0.3 wt. %, although the smaller content is insufficient for the strengthening by the
secondary Al3Zr precipitates. The present results indicate that high content of Si significantly affects
the hardness and electrical conductivity of the investigated alloys. However, the absence of Si led
to the formation of harmful needle-shaped Al3Fe particles in the microstructure of the investigated
alloys after annealing. Therefore, the optimum amount of Si was 0.25–0.50 wt. % due to the formation
of the Al8Fe2Si phase with the preferable platelet morphology. The maximum microhardness and
strengthening effects in Al-1% Fe-0.25% Si-0.3% Zr were observed after annealing at 400–450 ◦C due
to the formation of nanosized coherent Al3Zr (L12) dispersoids. The effect of the increasing of the
electrical conductivity can be explained by the decomposition of the solid solution. Thus, Al-1%
Fe-0.25% Si-0.3% Zr alloy annealed at 450 ◦C has been studied in detail as the most attractive with
respect to the special focus on transmission line applications.
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1. Introduction

Al-Fe-Si alloys belonging to the 1XXX series are commonly used in a wide range of different
applications including electrical conductors [1]. The fruitful combination of the light weight and
reasonable electrical conductivity makes these alloys preferable for the production of wires for
overhead power transmission lines compared with Cu [2]. The high electrical conductivity of
these alloys approaching the theoretical limit for Al of 62% IACS (The International Annealed
Copper Standard defines 17.241 nm as 100%) is attributed to the very low solubility of Si and Fe
in aluminum. The tensile properties of these alloys are low. At present, there is a strong requirement
for increased strength and thermal stability of Al alloys used for transmission lines. These alloys
have to withstand a high operating temperature of ~150◦. Such a transition metal as Zr is used to
improve the strength at room temperature and to provide the retention of the structure and tensile
properties at elevated temperatures due to the formation of Al3Zr dispersoids during homogenizing
treatment [2]. Zr is one of the most promising additives for developing castable, precipitation-hardened
alloys with good coarsening and creep resistance and usually used as a recrystallization inhibitor
and grain refiner in commercial Al alloys. In addition, the solubility of this alloying element in Al
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is negligible, and therefore, Al-Zr alloys may exhibit high strength, thermal stability and electrical
conductivity, concurrently.

A detailed description of the ternary Al-Fe-Si phase diagram can be found in [3]. It is possible to
expect the formation of such equilibrium intermetallics as Al13Fe4 (θ phase), Al3Fe phase, α-AlFeSi
and β-AlFeSi via peritectic (θ and α-AlFeSi) or eutectic (β-AlFeSi) reactions in the aluminum corner of
the equilibrium Al-Fe-Si phase. It is know that needle-shaped Al3Fe particles dramatically decrease
the technological ductility of aluminum alloys [3]. The content of Si is added to prevent suppression
of Al3Fe particles formation and to provide the α-AlFeSi (Al8Fe2Si) and β-AlFeSi (Al5FeSi) phases’
precipitation into these alloys [3]. However, there is very limited information in the literature on the
effectiveness of the influence of Si and Zr on the structure and properties in these alloys. β-AlFeSi is
the most harmful phase decreasing the mechanical properties of Al alloys as described in [4]. There
are three major types of β-AlFeSi intermetallics with orthorhombic, tetragonal and monoclinic crystal
structures. As described in [5], such elements as Mn, Co, Sr or reduction of the solidification rate are
widely used to form the α-AlFeSi preferred phase.

Al3Zr may exist in three main forms: the stable, tetragonal (D023) modification, the metastable
cubic (L12) modification and in the primary form. Increased Zr content or casting defects can lead to
the formation of the primary Al3Zr inclusions. However, a significant precipitation hardening can
be provided by a very small addition of Zr. This can be explained by the precipitation of metastable
Al3Zr particles during post-solidification heat treatment. The metastable Al3Zr phase has the same
structure as the Al matrix. The coherence of the metastable Al3Zr particles with the aluminum matrix
leads to better thermal stability and an appreciable precipitation hardening effect. The L12 structure of
the metastable Al3Zr particles transforms into the complex tetragonal D023 stable form after annealing
at temperatures up to 500 ◦C [6,7]. Stable Al3Zr precipitates are semi-coherent with the Al matrix.
The growth of the metastable Al3Zr precipitates and the loss of their coherence reduce the hardening
effect. Features of the microstructure and mechanical properties of aluminum alloys with the addition
of Si, Fe and various contents of Zr are described by Belov et al. [2,8–10].

At present, the implementation of the inert anode technique for the production of primary Al
requires the development of a new class of Al-Fe-Si-Zr alloys, which have to combine the low cost of
Al-Fe-Si alloys with the high strength and sufficient thermal stability of Al-Zr alloys. The key aim of
the present study is to optimize the alloying content and the heat treatment to produce an aluminum
alloy belonging to the Al-Fe-Si-Zr system with high electrical conductivity and high performance
properties. The concurrent influence of Si and Zr on the microstructure, electrical conductivity and
microhardness of several Al-Fe-Si-Zr alloys has been investigated. The effect of casting conditions and
multistage annealing on these properties was also examined taking into account the feasibility to use
these alloys for high-volume production of wires for transmission lines.

2. Materials and Methods

Experimental alloys of the Al-Fe-Si-Zr system (Table 1) were prepared in an electric furnace LAC
PT 90/13 (LAC, s.r.o., Rajhrad, Czexh Republic) in graphite-chamotte crucibles using 99.99% pure
Al and master alloys containing 0.15 wt. %, 0.3 wt. %, 0.45 wt. % and 0.6 wt. % Zr and 0.25 wt. %,
0.5 wt. %, 0.75 wt. % and 1 wt. % Si, respectively. The casting temperature for all alloys is marked in
green, and the calculated liquidus temperature (Thermo-Calc software AB, TTAL5 database, Version
5.0.4.75, Thermo-Calc Software, Stockholm, Swedeny, 2010) is marked in red in Figure 1, respectively.
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Figure 1. Quadrilateral scheme of Al-1Fe-Si-Zr. 
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200 °C to 600 °C using stepped modes as given in Table 1. 

Table 1. Annealing regimes of Al-Fe-Si-Zr alloys. 

Designation S200 S250 S300 S350 S400 S450 S500 S550 S600
Annealing 

regime 200 °C 
S200 + 
250 °C 

S250 + 
300 °C 

S300 + 
350 °C 

S350 + 
400 °C 

S400 + 
450 °C 

S450 + 
500 °C 

S500 + 
550 °C 

S550 + 
600 °C 

The microstructures of the as-cast and homogenized samples were examined using an Axio 
Observer MAT and TESCAN VEGA 3 and Quanta 200 scanning electron microscopes (SEM) (FEI, 
Hillsboro, OR, USA). For microstructure examination, the samples were polished in a perchloric acid-
ethanol electrolyte (6 C2H5OH/1 HClO4/1 glycerol) and additionally oxidized in a 5% water solution 
of HBF4 at constant voltage of 20 V to reveal the grain structure. Foils for transmission electron 
microscopy were electrolytically thinned in a perchloric acid-ethanol solution and examined using a 
JEOL JEM-2100 transmission electron microscope (TEM) (JEOL Ltd., Tokyo, Japan) with a double-tilt 
stage at 200 KV. 

The electrical conductivity was measured by the method of eddy currents using a Constanta K6 
device (Constanta, Sankt Peterburg, Russia). The measurements of the Vickers microhardness were 
performed at room temperature on metallographically-polished sections using 50-N loads and a 
dwell time of 15 s. 

3. Results 

Typical microstructures that evolved in the Al-Fe-Si-Zr alloys with different contents of Si 
ranging from 0 wt. % to 1 wt. % are shown in Figure 2. A eutectic included supersaturated aluminum 
matrix (Al) and the Al6Fe-phase have been observed along the boundaries of dendritic cells in the 
considered alloys with the absence of Si (Figure 2a); while (Al) + Al8Fe2Si eutectic in the investigated 
Al alloys with 0.25–1 wt. % Si was associated with an increase in Si content, as shown in Figure 2b–
d. In the Al-1% Fe-1% Si-0.3% Zr is observed the precipitating of particles (see Figure 3d), which Belov 
et al. [11] defined as a Si-rich inclusion. Such a precipitate decreases the electrical conductivity in 
aluminum alloys [12]. 

Figure 1. Quadrilateral scheme of Al-1Fe-Si-Zr.

The cast samples were annealed during 3 h in an electric furnace at a temperature ranging from
200 ◦C to 600 ◦C using stepped modes as given in Table 1.

Table 1. Annealing regimes of Al-Fe-Si-Zr alloys.

Designation S200 S250 S300 S350 S400 S450 S500 S550 S600

Annealing
regime 200 ◦C S200 +

250 ◦C
S250 +
300 ◦C

S300 +
350 ◦C

S350 +
400 ◦C

S400 +
450 ◦C

S450 +
500 ◦C

S500 +
550 ◦C

S550 +
600 ◦C

The microstructures of the as-cast and homogenized samples were examined using an Axio
Observer MAT and TESCAN VEGA 3 and Quanta 200 scanning electron microscopes (SEM)
(FEI, Hillsboro, OR, USA). For microstructure examination, the samples were polished in a perchloric
acid-ethanol electrolyte (6 C2H5OH/1 HClO4/1 glycerol) and additionally oxidized in a 5% water
solution of HBF4 at constant voltage of 20 V to reveal the grain structure. Foils for transmission electron
microscopy were electrolytically thinned in a perchloric acid-ethanol solution and examined using a
JEOL JEM-2100 transmission electron microscope (TEM) (JEOL Ltd., Tokyo, Japan) with a double-tilt
stage at 200 KV.

The electrical conductivity was measured by the method of eddy currents using a Constanta K6
device (Constanta, Sankt Peterburg, Russia). The measurements of the Vickers microhardness were
performed at room temperature on metallographically-polished sections using 50-N loads and a dwell
time of 15 s.

3. Results

Typical microstructures that evolved in the Al-Fe-Si-Zr alloys with different contents of Si ranging
from 0 wt. % to 1 wt. % are shown in Figure 2. A eutectic included supersaturated aluminum matrix
(Al) and the Al6Fe-phase have been observed along the boundaries of dendritic cells in the considered
alloys with the absence of Si (Figure 2a); while (Al) + Al8Fe2Si eutectic in the investigated Al alloys
with 0.25–1 wt. % Si was associated with an increase in Si content, as shown in Figure 2b–d. In the
Al-1% Fe-1% Si-0.3% Zr is observed the precipitating of particles (see Figure 3d), which Belov et al. [11]
defined as a Si-rich inclusion. Such a precipitate decreases the electrical conductivity in aluminum
alloys [12].
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Figure 2. Microstructure of as-cast alloys with different contents of Si: (a) Al-1% Fe-0.3% Zr;  
(b) Al-1% Fe-0.25% Si-0.3% Zr; (c) Al-1% Fe-0.5% Si-0.3% Zr; (d) Al-1% Fe-1% Si-0.3% Zr. 

3.1. Scanning electron microscope 

Figure 3 shows the SEM of the as-cast microstructure of Al-Fe-Si-Zr alloys with different content 
of Zr and fixed content of Fe 1 wt. % and Si 0.5 wt. %. The observed microstructure consists of α-Al 
dendrites (matrix) and different Fe-Si-rich intermetallic phases distributed along the aluminum 
dendrite. The microstructures of the described as-cast alloys Al-1%Fe-0.5%Si with Zr content from 0 
wt. % to 0.3 wt. % were nearly the same and consist of the solid solution of aluminum (Al) and a 
eutectic (Al) + Al8Fe2Si along the boundaries of dendritic cells (Figure 3a–c). Lack of the primary 
crystals of Al3Zr clearly shows full incorporation of Zr into the solid solution and the optimum rate 
of crystallization for chemical composition. The primary Al3Zr crystals with a cross-shaped 
morphology were found in the microstructure of the investigated alloys with 0.45–0.6 wt. % of Zr 
(Figure 3d). 

Figure 2. Microstructure of as-cast alloys with different contents of Si: (a) Al-1% Fe-0.3% Zr; (b) Al-1%
Fe-0.25% Si-0.3% Zr; (c) Al-1% Fe-0.5% Si-0.3% Zr; (d) Al-1% Fe-1% Si-0.3% Zr.

3.1. Scanning Electron Microscope

Figure 3 shows the SEM of the as-cast microstructure of Al-Fe-Si-Zr alloys with different content
of Zr and fixed content of Fe 1 wt. % and Si 0.5 wt. %. The observed microstructure consists of
α-Al dendrites (matrix) and different Fe-Si-rich intermetallic phases distributed along the aluminum
dendrite. The microstructures of the described as-cast alloys Al-1%Fe-0.5%Si with Zr content from
0 wt. % to 0.3 wt. % were nearly the same and consist of the solid solution of aluminum (Al) and
a eutectic (Al) + Al8Fe2Si along the boundaries of dendritic cells (Figure 3a–c). Lack of the primary
crystals of Al3Zr clearly shows full incorporation of Zr into the solid solution and the optimum rate of
crystallization for chemical composition. The primary Al3Zr crystals with a cross-shaped morphology
were found in the microstructure of the investigated alloys with 0.45–0.6 wt. % of Zr (Figure 3d).Metals 2017, 7, 495 5 of 13 
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3.2. Transmission electron microscope 

Figure 3. Microstructure of as-cast alloys with different contents of Zr: (a) Al-1%Fe-0.5%Si; (b) Al-1%
Fe-0.5% Si-0.15% Zr; (c) Al-1% Fe-0.5% Si-0.3%Z r; (d) Al-1% Fe-0.5% Si-0.6% Zr.
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The annealing process is a key factor that determines the objectives to produce Al alloys containing
up to 0.6 wt. % Zr. Figure 4a shows that the metastable phase Al6Fe is transformed into a stable
needle-like Al3Fe phase during the heat treatment, which considerably reduces the technological
ductility, relative elongation and structural strength [11]. Therefore, the harmful needle-shaped Al3Fe
was observed in the microstructure of the investigated Al-1% Fe-0.3% Zr alloy [1]. An increase in the
Si content leads to a decrease in the Al3Fe and improvement of Al8Fe2Si (30%–33% Fe, 6%–12% Si [3])
content, as can be seen in Figure 4b,c.

Figure 4b shows the stable D023 Al3Zr particles predominantly at the center of the dendritic cells
formed as a result of transformation from the metastable Al3Zr L12 particles for Al-Fe-Si-Zr alloys with
0.15 wt. % Zr during the heat treatment at the maximum annealing temperature 600 ◦C. The number
of precipitates is lower as compared with alloys with higher Zr content.
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3.2. Transmission electron microscope 

Figure 4. Microstructure of Al-1%Fe-Si-0.3%Zr alloys annealed at S600 with different contents of Si:
(a) Al-1% Fe-0.3% Zr; (b) Al-1% Fe-0.25% Si-0.3% Zr; (c) Al-1% Fe-0.5% Si-0.3% Zr; (d) Al-1% Fe-1%
Si-0.3% Zr.

3.2. Transmission Electron Microscope

Typical fine structures of the Al-1%Fe-0.25%Si-0.3%Zr alloy are shown in Figures 5 and 6 for the
S450 peak-aging condition and the S600 overaging condition, respectively. The high magnification of
SEM and TEM micrographs of the Al-Fe-Si-Zr alloys with 0.25 wt. % Si and 0.3 wt. % Zr in Figure 5
suggest that small, spheroidal, coherent Al3Zr (L12) precipitates are confined to the dendritic cells,
which are surrounded by precipitate-free interdendritic channels. All fine Al3Zr (L12) particles inside
the marked red circle in Figure 5 are characterized by a cubic structure with a = 4.09 and an average
size of about 10 nm. The orientation relationship between the matrix and Al3Zr (L12) precipitates is
the cube-cube: (020) Al || (020) Al3Zr, (002) Al || (002) Al3Zr, [022] Al || [022] Al3Zr.



Metals 2017, 7, 495 6 of 12

Metals 2017, 7, 495 6 of 13 

 

Typical fine structures of the Al-1%Fe-0.25%Si-0.3%Zr alloy are shown in Figures 5 and 6 for the 
S450 peak-aging condition and the S600 overaging condition, respectively. The high magnification of 
SEM and TEM micrographs of the Al-Fe-Si-Zr alloys with 0.25 wt. % Si and 0.3 wt. % Zr in Figure 5 
suggest that small, spheroidal, coherent Al3Zr (L12) precipitates are confined to the dendritic cells, 
which are surrounded by precipitate-free interdendritic channels. All fine Al3Zr (L12) particles inside 
the marked red circle in Figure 5 are characterized by a cubic structure with a = 4.09 and an average 
size of about 10 nm. The orientation relationship between the matrix and Al3Zr (L12) precipitates is 
the cube-cube: (020) Al || (020) Al3Zr, (002) Al || (002) Al3Zr, [022] Al || [022] Al3Zr. 

 

Figure 5. Transmission electron microscope (TEM) micrographs of Al-1% Fe-0.25% Si-0.3% Zr 
annealed at S450 with coherent L12 Al3Zr nano-particles: (a) scanning electron microscopes (SEM); 
(b) TEM; (с) diffraction; (d) schematic diffraction pattern with indexes. 

 
Figure 6. TEM micrographs of Al-1% Fe-0.25% Si-0.3% Zr annealed at S600 with incoherent D023 
Al3Zr particles: (a) SEM; (b) TEM; (с) diffraction; (d) schematic diffraction pattern with indexes. 

Figure 5. Transmission electron microscope (TEM) micrographs of Al-1% Fe-0.25% Si-0.3% Zr annealed
at S450 with coherent L12 Al3Zr nano-particles: (a) scanning electron microscopes (SEM); (b) TEM;
(c) diffraction; (d) schematic diffraction pattern with indexes.

Metals 2017, 7, 495 6 of 13 

 

Typical fine structures of the Al-1%Fe-0.25%Si-0.3%Zr alloy are shown in Figures 5 and 6 for the 
S450 peak-aging condition and the S600 overaging condition, respectively. The high magnification of 
SEM and TEM micrographs of the Al-Fe-Si-Zr alloys with 0.25 wt. % Si and 0.3 wt. % Zr in Figure 5 
suggest that small, spheroidal, coherent Al3Zr (L12) precipitates are confined to the dendritic cells, 
which are surrounded by precipitate-free interdendritic channels. All fine Al3Zr (L12) particles inside 
the marked red circle in Figure 5 are characterized by a cubic structure with a = 4.09 and an average 
size of about 10 nm. The orientation relationship between the matrix and Al3Zr (L12) precipitates is 
the cube-cube: (020) Al || (020) Al3Zr, (002) Al || (002) Al3Zr, [022] Al || [022] Al3Zr. 

 

Figure 5. Transmission electron microscope (TEM) micrographs of Al-1% Fe-0.25% Si-0.3% Zr 
annealed at S450 with coherent L12 Al3Zr nano-particles: (a) scanning electron microscopes (SEM); 
(b) TEM; (с) diffraction; (d) schematic diffraction pattern with indexes. 

 
Figure 6. TEM micrographs of Al-1% Fe-0.25% Si-0.3% Zr annealed at S600 with incoherent D023 
Al3Zr particles: (a) SEM; (b) TEM; (с) diffraction; (d) schematic diffraction pattern with indexes. Figure 6. TEM micrographs of Al-1% Fe-0.25% Si-0.3% Zr annealed at S600 with incoherent D023 Al3Zr

particles: (a) SEM; (b) TEM; (c) diffraction; (d) schematic diffraction pattern with indexes.

The annealing at S600 (Figure 6) leads to the particle growth in direction [002], and the
transformation cubic L12 precipitates into the stable complex tetragonal D023-phase with the cell
parameters a = b = 0.3999 nm, c = 1.7283 nm. The Al3Zr (D023) is characterized by the incoherent
boundaries and has an orientation relationship with the matrix: (002) Al || (020) Al3Zr, (020) Al
|| (002) Al3Zr, [100] Al || [001] Al3Zr. A good correlation of the twice interplanar spacing (002)
in aluminum (d (002) Al = 0.2025 nm [13]) and interplanar spacing (001) in the Al3Zr (D023) phase
(d(004) Al3Zr = 0.4321 nm [14]) provides the particles growth along the [002] matrix direction, and the
plate-like shape diameter of Al3ZrD023-particles is 250 nm, with a thickness of 50 nm.
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3.3. Hardness and Electrical Conductivity

Figure 7a–d show the temperature-hardness dependences of the investigated Al alloys after
annealing at different temperatures. It is shown that the shapes of the curves were typical and the
same in all cases. The Si content led to improved hardness in the alloys. On the other hand, an increase
in the annealing temperature decreased hardness.Metals 2017, 7, 495 8 of 13 
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Figure 7. Temperature dependence of the microhardness (a–d) and the electrical conductivity (a–d’)
for Al-1% Fe-Si-Zr alloys with a fixed content of Si and different contents of Zr: (a, a’) 0 wt. % Si;
(b, b’) 0.25 wt. % Si; (c, c’) 0.5 wt. % Si; (d, d’) 1.0 wt. % Si.
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The Zr content leads to an increase in the hardness of the studied alloys. There are no
significant changes in the hardness with an increase in the temperature up to 350 ◦C. The highest
hardness is observed in the temperature range from 400 ◦C to 450 ◦C. A further increase in the
annealing temperature up to 600 ◦C is accompanied by a decrease in the hardness. Note that the
peak-hardness of the Al-Fe-Si-Zr alloys that determines the collective Si and Zr influence improves
with its content increase.

The effect of Si and Zr content on the electrical conductivity is presented in Figure 7a’–d’.
The increase of Si-content led to the electrical conductivity degradation of as-cast, as well as annealed
alloys. The increase of the annealing temperature is accompanied by the small electrical conductivity
improvement. The peak electrical conductivity decreases with the increase of Si content, as well.
The electrical conductivity decreases significantly with an increase in the Zr content in the temperature
range from 20 ◦C to 350 ◦C. The highest electrical conductivity was also observed at the range from
450 ◦C to 500◦C. A further increase in the testing temperature up to 500 ◦C is accompanied by an
increase in the conductivity.

4. Discussion

Figures 4 and 5 show that the annealing promoted the phase transformation from the metastable
Al6Fe or α-AlFeSi to the Al3Fe equilibrium phase and induced a significant change in solute levels
in the solid solution. The SEM investigation of the studied Al-Fe-Si-Zr alloys demonstrates that the
Fe-containing intermetallics in Al-Fe-Si alloys are both of the so-called α-phases forming the Chinese
script-like morphology and sometimes even as polyhedral crystals, as shown in [15,16].

Most of the Fe combines with both aluminum and Si to form secondary intermetallic phases
because of the low solid solubility of Fe in aluminum (i.e., max. 0.05% at 650 ◦C). The equilibrium
intermetallic Al3Fe phase can form at slow solidification rates. However, depending on the alloy
composition, cooling rate and presence of trace elements, a wide range of intermediate intermetallic
phases, such as AlmFe, Al9Fe, Al6Fe, AlxFe and α-AlFeSi (Al8Fe2Si), can form and are considered
metastable Fe-rich phases in the literature [17,18].

An increase in the Si content leads to an acceleration of the solid solution decomposition and its
maximum replacement to the lower temperature region (Figure 8). A further increase in Si content did
not lead to a change in the speed and temperature of the described peak, so the Si content equal to
0.25 wt. % provides the best combination of hardness and electrical conductivity. The same effect of Si
has been described also in [11].
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the electrical conductivity of the investigated alloys. By contrast, an increase in the Si content led to an
increase in the hardness, as shown in Figure 7. The high content of Si should have led to the formation
of Si-inclusion in the structure (Figure 3d) and contributed to a decrease in the electrical conductivity
of the alloys, as can be seen in Figure 8c,d. The negative effects of Si on the Al alloys’ properties are
described in the literature [19]. Thus, the addition of the Si in the Al-1% Fe alloy leads to the increase
of the hardness, while the electrical conductivity decreases, as can see in Figure 7.

It is known that Zr exists in four forms at different heat processing and heat-treatment stages, i.e.,
solid solution in matrix, coarse primary Al3Zr phase, metastable Al3Zr phase, as well as equilibrium
Al3Zr phase [20]. SEM and TEM micrographs in Figure 5 show the small spheroidal coherent
Al3Zr (L12) precipitates in the dendritic cells surrounded by precipitate-free interdendritic channels.
An increase in the Zr content of more than 0.3 wt. % leads to the formation of primary Al3Zr particles
in the as-cast structure and negatively affects the properties of the investigated alloys. The same results
are reported in [21–23]. Furthermore, the appearance of the primary Al3Zr can also be associated with
such disadvantages of the alloy production regime as casting temperature and cooling rate. In the cast
structure of the investigated alloys with 0.45–0.6 wt. % Zr, there are primary Al3Zr crystals, which
on the one hand speaks to an insufficient cooling rate ensuring the entry of Zr into the solid solution
of aluminum. It is also obvious that the formation of primary Al3Zr particles leads to a decrease of
the volume fraction of secondary precipitations of Al3Zr (nanoparticles), which negatively affect the
thermal stability according to the Zener drag force equitation [24].

It is clearly seen in Figure 4 that Al3Zr precipitates are forming at the interdendritic channels
that result from Zr segregation at the dendrite cores. Thus, dendritically-distributed Al3Zr
precipitates are also a significant problem in commercial wrought alloys, where Zr is added as a
recrystallization inhibitor.

The strong age hardening response of the Zr-containing alloy is due to the precipitation of
small (10 nm) coherent Al3Zr (L12) precipitates, shown by SEM (Figure 4b,c) and TEM (Figure 5).
The decrease in the hardness with an increase in temperature can be explained by the precipitation
hardening due to the Orowan mechanism. The shear stress required for a dislocation to loop around a
precipitate particle is inversely proportional to the edge-to-edge distance between the particles, which
was first described by Orowan as shown in Equation (1) [25]:

This is an example of the equation:
∆τ = GB/L, (1)

where GB is the Burgers vector and L is the distance between two particles. According to Equation (1),
the strengthening effect from the metastable nanoscale Al3Zr L12 dispersoids with an average size of
10 nm was 17-times higher compared to the stable incoherent plate-like D023 Al3Zr particles with a
length equal to 200 nm and a thickness of about 50 nm (Figure 6). Kendig et al. also reported that the
maximum hardening is achieved with the size of precipitates Al3Zr at 5–10 nm [26].

Figure 8 depicts that the electrical conductivity decreases significantly with an increase in the Zr
content in the range from 20 ◦C to 350 ◦C. By contrast, a further increase in the testing temperature up
to 500 ◦C is accompanied by an increase in the electrical conductivity. This increase in the electrical
conductivity with an increasing in temperature can be explained by the decomposition of the solid
solution and the diffusion of Zr atoms into particles leading to a decrease of the number of point
defects in the matrix, less electron scattering and a decrease in the electrical conductivity. Furthermore,
an increase in the Si amount leads to the movement in the maximum of the observed curves to the
lower temperature region, which means a decrease in the temperature of the solution decomposition.

The structural and phase transformations during the annealing process were estimated through
conductivity and hardness measurements. It is well known that Zr dissolved in α (Al) strongly reduces
electrical conductivity. Belov et al. presented the influence of annealing cycles up to 650 ◦C on the
specific conductivity and hardness (HV) of hot-rolled sheets of Al alloys containing up to 0.5 wt. %
Zr (mass fraction). It is demonstrated that the conductivity depends on the content of Zr in the Al
solid solution, which is the minimum after holding at 450 ◦C for 3 h. On the other hand, the hardness
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of the alloy is mainly caused by the amount of nanoparticles of the L12 (Al3Zr) phase that defines
the retention of strain hardening. Chen et al. described an aluminum alloy with 1 wt. % of Zr and
1.7 wt. % of V, which gives an increase to about 5 vol. % of the metastable L12 phase after aging. It is
known that the formation of stable incoherent particles is unexpected and undesirable as this meant
that there was less Zr available in the solid solution to form nanoscale secondary Al3Zr precipitates,
which are desirable in order to limit grain growth.

It can be seen in Figure 7 that the best combination of electrical conductivity and hardness
values can be reached with an acceptable holding time at a temperature of about 450 ◦C. Electrical
conductivity reaches the maximum value at 450 ◦C and can be explained by the maximum depletion
of Zr from the Al solid solution, as was shown in our previous work [17,27]. The maximum electrical
conductivity is ensured by all the Zr in Al3Zr particles. It can be realized using the high-temperature
S600 annealing. However, use of the lower annealing temperatures in view of providing the optimal
hardening due to the formation of the metastable nanosized Al3Zr is also necessary. However,
the decomposition of the solid solution at 350 ◦C required more than 100 h for the slow diffusion of
Zr in aluminum according to Knipling [7,18]. It should be noted that conductivity strongly depends
not only on the temperature of the annealing, but also on the holding time, as well. Al-Mg-Zr alloys
with an ultrafine-grained microstructure combined with a high electrical conductivity (over 57% The
International Annealed Copper Standard) after annealing, severe plastic deformation (SPD) via equal
channel angular pressing-conforming (ECAP-C), followed by cold drawing have been also described
in detail in [25].

Thus, the content of Si and Zr provides the best combination (conjunction) of hardness and
electrical conductivity of Al-1% Fe-Si-Zr alloys as can be clearly seen from the summary graphs shown
in Figure 9. A compromise of the high conductivity and hardness can be achieved if the temperature
of heat treatment is in the range of 450 ◦C–500 ◦C and the content of the Si 0.25 wt. %–0.50 wt. %,
with the Zr content no more than 0.3 wt. %, respectively, as can be concluded from the obtained results.
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5. Conclusions

In summary, the relationships between the hardness and electrical conductivity were examined
for several Al-Si-Fe-Zr alloys. The influence of the annealing temperature and chemical composition on
the microstructure, electrical conductivity and hardness of Al-Fe-Si-Zr alloys with a different content
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of Si ranging from 0 wt. % to 1 wt. %, various content of Zr from 0 wt. % to 0.6 wt. % and fixed content
of Fe of 1 wt. % has been studied in the present work. The following results were obtained:

1. The Al8Fe2Si phase with a Chinese script-like morphology was formed for the investigated alloy
at 0.25 wt. % of Si, which ensures manufacturability with possible further deformation. An increase in
the Si content leads to an increase of Si content in the solid solution and negatively affects the electrical
conductivity of the alloys and increases the hardness. Therefore, the favorable content of Si was equal
to 0.25 wt. %–0.50 wt. %. It was also described that Si accelerates the decomposition of the solid
solution for alloys with a content of Zr equal to 0.3 wt. %.

2. An increase in the content of Zr over 0.3 wt. % in the investigated alloys leads to the formation
of the primary Al3Zr particles, which substantially reduce the hardness; while, 0.15 wt. % of Zr was
insufficient for the formation of the secondary Al3Zr precipitates. The microstructure evaluation
showed that with an increase in the amount of Zr from 0.15 wt. % to 0.3 wt. %, an increase in the
amount of Al3Zr dispersoids in the dendrites was observed. The microstructure of the considered
alloys with a fixed content of Si equal to 0.5 wt. % and Fe equal to 1 wt. % mostly consists of the
solid solution of aluminum (Al) and a eutectic Al8Fe2Si + (Al) along the boundaries of dendritic cells.
Therefore, the preferable content of Zr was equal to 0.3 wt. %.

3. It was shown that an increase in the Zr content led to an increase in the hardness of the
studied alloys. The highest hardness is observed after annealing at 450 ◦C. A further increase of the
temperature leads to a decrease in the hardness.

4. It was clearly shown that small coherent Al3Zr (L12) precipitates formed in the Al-1% Fe-0.25%
Si-0.3% Zr alloy after S450 annealing. The maximum hardness of the investigated alloy was observed
after S450 annealing because of the maximum strengthening effect due to the formation of these
particles. It was shown that these particles are effective barriers to grain-boundary migration according
to Orowan and transformed into stable incoherent Al3Zr (D023) precipitates after S600 annealing.
The loss of the coherence of Al3Zr particles led to a decrease in the hardness.
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