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A B S T R A C T   

This paper presents a novel multicomponent alloy Al58Zn28Mg6Si8, with a density of 3.46 g/cm3, which in-
corporates concepts from high entropy alloys. The optimum alloy composition was determined using the CAL-
PHAD approach and binary and ternary diagrams. Microstructural and thermal analyses, including scanning 
electron microscopy, transmission electron microscopy, X-ray diffraction, and differential scanning calorimetry, 
revealed a complex phase structure consisting of FCC, HCP, and Laves phases, as well as a metastable miscibility 
gap. The alloy was heat treated, and the microstructure of each condition was evaluated. The solubilized state 
exhibited a maximum hardness of 250 HV. Transmission electron microscopy results showed that the alloy 
undergoes spinodal decomposition during the solution treatment. This study provides valuable information for 
the future design of lightweight multicomponent alloys combining experimental techniques with the CALPHAD 
approach.   

1. Introduction 

Developing lightweight materials for application in the trans-
portation and aerospace industry remains a critical challenge. Reducing 
weight without compromising structural properties and significantly 
increasing costs is an effective way to reduce fuel consumption and 
greenhouse gas emissions [1]. Lightweight materials such as aluminum, 
magnesium, titanium, and beryllium alloys, which have a density be-
tween 1.74 and 4.43 g/cm3, are commonly used in industry [2]. How-
ever, the limited properties and/or manufacturing cost of some of these 
materials has made it necessary for researchers to develop new alloys 
that more effectively meet lightweighting requirements. 

Multicomponent alloys are currently receiving a lot of attention due 
to their appealing properties. These alloys are composed of multiple 
elements with a substantial atomic fraction in their chemical composi-
tion. In the last decade, these types of alloys have been given various 
designations, such as high entropy alloys (HEAs), complex composition 
alloys (CCAs), and multi-principal element alloys (MPEAs), among 
others. However, despite the different designations, these alloys share a 

common characteristic: they explore the central region of multicompo-
nent phase diagrams and are recognized for their excellent combination 
of properties, such as high strength, ductility, superconductivity, high 
catalytic activity, corrosion resistance, and radiation tolerance [3–5]. 

Furthermore, a new subcategory of multicomponent alloys, known 
as lightweight multicomponent alloys has been developed. These alloys 
incorporate light metallic elements to reduce weight while maintaining 
the exceptional mechanical properties mentioned earlier [1,2,6]. The 
exceptional properties of these alloys are attributed to the high entropy 
effect, which promotes the formation of solid-solution phases, such as 
BCC, FCC, and HCP, rather than complex intermetallic phases [7]. 
However, achieving solid-solution phases remains a complex issue, and 
the majority of presently developed HEAs also exhibit the formation of 
intermetallics (or second phases) [8]. Nonetheless, incorporating second 
phases has also been found to be highly effective in strengthening alloys 
[9]. In fact, some researchers have proposed a shift in focus from 
solid-solution alloys to multicomponent alloys that contain in-
termetallics [10]. These studies have shown that the careful design of 
these second phases simultaneously promote high strength and good 
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ductility in multicomponent alloys [11]. 
The formation of solid-solution phases is predicted using criteria 

based on thermodynamic parameters and rules and utilizing method-
ologies such as CALculation of PHase Diagrams (CALPHAD), ab-initio 
models, Molecular Dynamics (MD), Density Functional Theory (DFT), 
and Artificial Neural Networks (ANN) [8,12–16]. To date, the CALPHAD 
method could be considered the most direct approach for designing 
lightweight multicomponent alloys [17]. The most important advantage 
of the CALPHAD method is that it predicts the higher-order phase dia-
grams via extrapolation from its constituent lower-order systems, such 
as binary and ternary systems [18]. 

Research groups around the world have contributed to the design of 
multicomponent alloys with a density of less than 4 g/cm3 and high 
hardness. In the majority of cases, however, these alloys tend to be too 
brittle. Li et al. [19] developed the Mgx(MnAlZnCu)100-x multicompo-
nent alloy by induction melting. These alloys are composed mainly of 
the HCP phase and Al–Mn icosahedral quasicrystal phases with a density 
2.20 g/cm3 and hardness of 178 HV. Chauhan et al. [20] used me-
chanical alloying (MA) to design the lightweight Al35Cr14Mg6Ti35V10 
multicomponent alloy with a density of 4.05 g/cm3. The alloy reported a 
hardness of 460 HV and the final microstructure is composed of one HCP 
and two BCC phases. Youssef et al. [21] developed Al20Li20Mg10Sc20Ti30 
using thermodynamic parameters and rules, to obtain a hardness of 622 
HV and a density of 2.67 g/cm3. The alloy was fabricated by MA, 
obtaining a single-phase FCC during ball milling and transforming to 
single-phase HCP after annealing. Sanchez et al. [22] used the CALPHAD 
method to design the Al65Cu5Cr5Si15Mn5Ti5 multicomponent alloy 
produced via large-scale vacuum die casting. The resulting microstruc-
ture had a mixture of simple and complex phases, with a density of 3.70 
g/cm3 and a hardness of 889 HV. Despite the obvious contributions of 
these works, there is still ample unknown space in low-density multi-
component phase diagrams to be explored. 

Motivated by the aforementioned advances, this paper presents a 
new multicomponent alloy Al58Zn28Mg6Si8 that is cost-effective, light-
weight, and easy to fabricate. The objective was to obtain a majority 
solid-solution phase reinforced with intermetallic phases via casting. 
The CALPHAD approach and binary and ternary diagrams were used to 
determine the appropriate chemical composition and calculate phase 
stabilities. The experimental results were compared to thermodynamic 
simulations of both non-equilibrium and equilibrium phases in the alloy. 
The knowledge generated by the design and characterization of the 
Al58Zn28Mg6Si8 alloy will provide valuable insights for the future design 
of lightweight multicomponent alloys. 

2. CALPHAD approach to design LW-MEA 

Despite the potential of the CALPHAD approach for designing 
multicomponent alloys, several factors need to be considered. In 
particular, large extrapolations from the thermodynamic models 
inherent to the method may lead to inaccurate evaluation of Gibbs en-
ergy [17]. Gorsse et al. [23] studied the limitations of CALPHAD data-
bases when applied to multicomponent alloys. Their results showed that 
the thermodynamic properties of a quaternary alloy can be correctly 
predicted by direct extrapolation from the fully evaluated binary 
systems. 

In this work, the principal elements were selected based on their low 
density, low melting point, stability, compatibility, and fabrication 
feasibility via the casting process. Expensive or scarce elements were 
discarded from the selection. The CALPHAD approach was then applied 
as a design strategy to determine the concentration of each element, 
phase stabilities, and heat treatment schedules. The major driver of the 
alloy design was to reduce the density by increasing the molar % of Al, to 
obtain an Al-based multicomponent alloy [22]. 

In line with this design strategy, the target in the simulations was set 
to identify systems that have relatively large (Al) FCC regions. The main 
assumption in the calculations was that a higher-order system could 

have a wide range of FCC only if its sub-systems have relatively large 
FCC regions [24]. Thus, the initial calculations were performed with 
binary systems; all possible Al-X binaries from the previously selected 
alloying elements (X is the alloying element) were examined, and those 
with the largest FCC solubility range were selected. The same calcula-
tion was performed with the ternary and quaternary systems. In accor-
dance with the FCC solubility range, one or more systems were selected 
from each ternary, quaternary, and quinary system as candidate 
Al-based lightweight multicomponent alloy. The selected elements that 
met the previous requirements were Zn and Mg. Although silicon has 
low solid solubility in the aluminum phase (a maximum of 1.59 at. %), it 
is the primary element that imparts high fluidity and low shrinkage to 
aluminum alloys [25]. As a result, silicon is beneficial for improving 
castability and weldability, and therefore it was also selected. The target 
composition was determined based on the above considerations, which 
resulted in Al58Zn28Mg6Si8 (at.%) as the alloy under study. 

3. Materials and methods 

Thermodynamic calculations were carried out using FactSage soft-
ware with its Ftlite (2020) light alloy database to select the optimal 
composition. The target alloy was prepared by gravity casting. 

The raw materials used were Al, Si, and Mg from high-purity, and for 
Zn, Zamak5 was employed as the master alloy (Zn4Al1Cu mass %). 
These elements were melted in an alumina crucible inside a resistance 
furnace with forced convection under an argon atmosphere. This pre-
vented the multicomponent alloy from undergoing oxidation and mold- 
metal interaction. To reduce the burning loss of Mg, the fusion order of 
the elements was the following: 1) Al was melted first at a temperature 
of 750 ◦C, 2) Si and Zamak5 alloy were added, and the melt was left to 
homogenize for 15 min, and 3) Mg was added. 

For the composition analysis, chips were machined from the as-cast 
samples and dissolved in pure nitric acid (HNO3). The analysis was 
conducted using the Inductively Coupled Plasma (ICP) technique. The 
cast sample was also subjected to densitometry using the Archimedes 
method. 

A Brucker D8 Advance X-ray diffractometer (XRD) with Cr Kα radi-
ation operating at 35 kV and 45 mA, with a scanning step of 4◦/min from 
20◦ to 100◦ (2θ), was used to identify different phases formed in the 
samples. The X-ray diffraction patterns were indexed using the PDF-4+
2021 database from the International Center for Diffraction Data 
(ICDD). 

To study the microstructural features of the specimens, standard 
metallography techniques were conducted. Scanning Electron Micro-
scopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) were also 
performed with an FEI Nova Nano SEM 450 in backscattered electrons 
(BSEs) and high-contrast mode to analyze the microstructure and 
determine the semiquantitative local chemical composition. 

All cast samples were subjected to heat treatments in an argon at-
mosphere and quenched in water. The solidus and liquidus temperatures 
were estimated using the tangent method, based on data obtained from 
differential scanning calorimetry (DSC) measurements. The heat treat-
ment temperatures were selected based on the DSC results and the 
simulations from the CALPHAD method (Equilibrium Solidification & 
Scheil solidification). In addition, a phase transition analysis was con-
ducted using DSC to identify the dissolution and precipitation reactions 
of the heat-treated samples. NETZSCH STA 449 F3 Jupiter equipment 
was used to perform the DSC test. All tests were conducted at a heating 
and cooling rate of 10 K/min, and in a temperature range of 
25 ◦C–750 ◦C, thus melting the material “in situ”. Immediately after heat 
treatments, microhardness tests were carried out using a Zwick machine 
with a Vickers indenter. The test load and duration were 5 kg and 10 s, 
respectively. All hardness tests were repeated twelve times. 

Transmission electron microscopy (TEM) was used to investigate 
microstructure details. TEM specimens were mechanically ground to 
~120 μm thickness, from which 3 mm diameter discs were punched. The 
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discs were electropolished with a two-jet Fischione using an electrolyte 
mixture of 1/5 HClO4 and 4/5 CH3OH with C3H8O3. The liquid was kept 
at − 50 ◦C ± 5 ◦C with CO2, and the applied voltage and current were 50 
V and 100 mA. The TEM observations were carried out in a Jeol 2000 
FXII TEM equipped with EDX at 200 kV. 

4. Results 

4.1. Phase stability simulations by CALPHAD 

Thermodynamic calculations of equilibrium and Scheil solidification 
of the manufactured alloy were conducted as a function of temperature, 
and the results are shown in Fig. 1. The chemical composition of the 
alloy was obtained using ICP analysis (see Table 1). The density of the 

casting alloy was 3.46 g/cm3. 
Fig. 1a illustrates the equilibrium solidification sequence of the alloy 

under consideration. The first phase to precipitate is silicon (Si), at 
approximately 530 ◦C, followed by the FCC phase of aluminum (Al) and 
the intermetallic (Mg2Si), both at 495 ◦C. At 350 ◦C, a miscibility gap 
appears with the A1#1 (Al) and A1#2 (Al) phases. Furthermore, the 
solid solution phase (Al) is present at its maximum percentage in the 
temperature range of 350–380 ◦C during the equilibrium solidification. 

Fig. 1. Solidification simulations for Al58Zn28Mg6Si8 lightweight multicomponent alloy calculated by FactSage (CALPHAD): a) Equilibrium solidification, and b) 
non-equilibrium solidification (Gulliver -Scheil). 

Table 1 
Chemical composition of lightweight multicomponent alloy obtained with ICP.  

Alloy  Al Zn Mg Si Cu Sr 

LW-MEA [wt%] Balance 48.40 4.11 5.83 0.43 0.03 
[at%] Balance 27.93 6.38 7.83 0.26 0.01  
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The precipitation of the (Mg2Zn11) phase occurs at a temperature of 
340 ◦C. Lastly, the Laves phase (MgZn2) is the last phase to form, 
appearing at a temperature of 140 ◦C. 

On the other hand, in the non-equilibrium Scheil simulation, the first 
phase to precipitate is silicon (Si) at a temperature of 530 ◦C, followed 
by the (Mg2Si) and FCC phases of aluminum (Al), which both appear to 
precipitate at the same temperature of 493 ◦C. The Laves (MgZn2) phase 
precipitates at 370 ◦C, followed by the (Mg2Zn11) phase, which appears 
at 367 ◦C. Finally, at approximately 350 ◦C, the zinc (Zn) phase pre-
cipitates last. 

It is worth noting that CALPHAD predicts an important variation in 
the precipitation order of the (MgZn2) and (Mg2Zn11) phases. According 
to Fig. 1b, precipitation begins with the (Mg2Zn11) phase at 340 ◦C, and 
as the temperature decreases towards 140 ◦C, a partial transformation 
occurs, leading to the appearance of the Laves (MgZn2) phase. 
Furthermore, the precipitation of the (Zn) phase is only observed in the 
Scheil curve. The miscibility gap does not occur in the non-equilibrium 
simulation. 

4.2. Analysis of the microstructure prior to heat treatments 

The as-cast Al58Zn28Mg6Si8 alloy was subjected to an experimental 
analysis using XRD, DSC, SEM, and EDS techniques. The XRD patterns of 
the as-cast alloy showed several reflection peaks (Fig. 2) that were 
successfully indexed to the (Al) phase (PDF: 00-004-0787), (MgZn2) 
Laves phase (PDF: 04-003-2083), (Mg2Si) (PDF: 01-083-5235), (Zn) 
(PDF: 01-078-9363), (Si) (PDF: 00-027-1402), and (Mg2Zn11) (PDF: 04- 
007-1412). The phases identified by XRD in the as-cast condition are 
consistent with those predicted by CALPHAD in the Scheil solidification 
Fig. 1b. 

Fig. 3a displays a backscattered electron image of the as-cast sample, 
revealing a complex microstructure consisting of dendritic, eutectic, and 
interdendritic zones with different contrasts can be observed. The den-
dritic phase (contour A) corresponds to the FCC phase of aluminum (Al), 
while the interdendritic zone (contour B) may be some of the phases of 
the Mg–Zn system, either (MgZn2) or (Mg2Zn11). Contour C corresponds 
to the eutectic (Al + Mg2Si), where the gray zone is associated with the 
(Al) phase, and the darker zones correspond to the (Mg2Si) phase. While 
the eutectic (contour D) corresponds to the (Al + Si), with the aluminum 
phase being the gray zone and the (Si) being the dark gray zone. In 
addition, Fig. 3a reveals bright regions where heavier elements, such as 
the zinc (Zn) phase, are located. 

The EDS composition analysis shown in Fig. 3d of the dendritic phase 

reveals a high concentration of Al (as indicated by points 01), con-
firming that this phase primarily comprises (Al). The interdendritic 
zones in the microstructure exhibit variations in their compositions, as 
indicated by the EDS analysis. For example, point 02 is rich in zinc, 
followed by magnesium, and based on the atomic composition, corre-
sponds to the laves phase (MgZn2). The varying shades in the inter-
dendritic zones indicate partitioning and segregation between the solid 
and liquid phases during solidification. The eutectic phase at point 03 
has a higher concentration of Mg and Si, which corresponds to the 
(Mg2Si) phase. The eutectic structure located at point 04 had a high 
silicon concentration, estimated to be approximately 97 at.% of silicon, 
followed by aluminum. 

4.3. Design of heat treatments 

To optimize the material through heat treatments, it is necessary to 
determine the critical temperatures at which phase changes or melting 
of the alloy occur. Simulations using CALPHAD calculate a solidus 
temperature of 390 ◦C for equilibrium solidification and a liquidus 
temperature of 530 ◦C. For non-equilibrium solidification, the solidus 
temperature is 350 ◦C, while the liquidus temperature is 530 ◦C. How-
ever, the differential scanning calorimetry analysis (Fig. 4) reveals that 
the curve of the heating cycle for the as-cast sample display a solidus 
temperature of around 400 ◦C and a liquidus temperature of approxi-
mately 580 ◦C. Indicating that the selected composition has a relatively 
low melting point and can be easily melted using a standard laboratory 
furnace. 

The heating cycle (Fig. 4) shows the dissolution of seven phases as 
indicated by the peaks. According to the FactSage results, the highest 
temperature peak 7 is likely associated with the (Si) phase melting. This 
is confirmed by the liquid projection of the Al–Si–Zn ternary diagram 
(Fig. 5), which shows that the phase in question is indeed silicon (Si). In 
this phase, the solubility of the other alloying elements is close to zero, 
corresponding to the EDS point 04. The two peaks (peak 6 and peak 5) 
following silicon (Si) do not appear to be the result of a single-phase 
transformation, as they show at least two maxima: a peak at about 
502 ◦C (peak 6) and a small peak at about 480 ◦C (peak 5). Peak 6 is the 
dendrite (contour A) and peak 5 corresponds to the eutectic (Al + Mg2Si) 
(contour D). In addition, peaks 4 and 3 may correspond to the dissolu-
tion of (MgZn2) and (Mg2Zn11) phases, according to the Scheil solidifi-
cation results (Fig. 1b) and the interdendritic zone (contour B) shown in 
Fig. 3a. Finally, peak 2 could be attributed to the miscibility gap, as 
indicated by the equilibrium diagram (Fig. 1a), while peak 1 can be 
associated with the dissolution of the (Zn) phase according to the Scheil 
solidification diagram (Fig. 1b). 

Based on the analysis mentioned earlier, the heat treatments were 
prescribed as follows: Initially, solution treatments were carried out in 
the temperature range of 360–380 ◦C, which corresponds to the FCC 
temperature range of equilibrium solidification (as depicted in Fig. 1a), 
Scheil solidification (Fig. 1b), and DSC results (Fig. 4). 

At the beginning of casting, the solidification kinetics of the samples 
closely resembled the Scheil simulation due to the rapid cooling rate. 
This can result in variances in the melting temperatures of the samples, 
which increases the risk of incipient melting during the solution treat-
ment. To mitigate this risk, a two-step solution treatment process was 
developed and implemented. 

In the first step, the material was heated to 325 ◦C, which is lower 
than the solidus temperature predicted by FactSage for the Scheil 
cooling process (Fig. 1b). This temperature of 325 ◦C was chosen to 
homogenize the material and prevent incipient melting as the temper-
ature increases. In the second step, the temperature was raised to 380 ◦C, 
below the liquidus temperature as indicated by the equilibrium solidi-
fication diagram (Fig. 1a). This temperature of 380 ◦C was selected to 
dissolve all the secondary phases in the material, as well as to achieve a 
high percentage of FCC solid solution. The aim was to reach an equi-
librium state at this temperature. The sample was then rapidly cooled in 

Fig. 2. XRD diffraction patterns for the Al58Zn28Mg6Si8 lightweight multi-
component alloy “as-cast”, “DHHT” (Double Homogenization Heat Treatment) 
and “AA” (Artificial Aging) specimens. 
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cold water to preserve the structure as much as possible. 
Some of the samples were subjected to artificial aging after solution 

treatment. A temperature of 160 ◦C and 240 min were selected for the 
artificial aging process to observe how the phases evolve. Therefore, the 
samples analyzed in this study correspond to the heat treatment 
schedules listed in Table 2. The heat treatment labeled DHHT is a 
double-step solubilization treatment, while the heat treatment marked 
AA corresponds to artificial aging performed at 160 ◦C for 240 min. 

4.4. Effect of the heat treatments on the microstructure 

The XRD patterns of the alloy after solubilization treatment show 
some differences compared to the as-cast alloy, as depicted in Fig. 2. In 
the double homogenization heat treatment, the (Mg2Zn11) phase dis-
appears, and the amount of the (Zn) phase is reduced. It is important to 

Fig. 3. SEM/EDS of the Al58Zn28Mg6Si8 lightweight multicomponent alloy in condition: a) “As-Cast”, b) “DHHT” (Double Homogenization Heat Treatment) and c) 
“AA” (Artificial Aging). 

Fig. 4. DSC curve of the Al58Zn28Mg6Si8 lightweight multicomponent alloy 
heating process. 

Fig. 5. Projection of the liquid on the Al–Si–Zn ternary diagram calculated by 
FactSage (The intersection of the dotted lines determines the composition of 
the alloy). 
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note that the sample analysis with the solution treatment was carried out 
three months after casting. Therefore, it is possible that natural aging 
occurred, and a small amount of (Zn) precipitated in the matrix. During 
the artificial aging, the (Mg2Zn11) phase completely disappears in the 
diffraction patterns compared to the as-cast sample. Furthermore, dur-
ing AA heat treatment, the (Zn) phase precipitates again, leading to a 
noticeable increase in the amount of (Zn) phase compared to the 
diffraction patterns after the solubilization treatment. 

The results of DSC analysis for the heat-treated and non-heat-treated 
samples are presented in Fig. 6. After conducting DSC analysis on the 
DHHT sample, the phases corresponding to peaks 2 and 3 were 
completely dissolved in the matrix due to the dissolution treatment. 
However, a small amount of the phase corresponding to peak 1 was 
observed to have precipitated. In the artificially aged sample, it was 
observed that the phases corresponding to peaks 1 and 2 had precipi-
tated again. Additionally, it was found that the phase corresponding to 
the dissolution temperature of peak 4 was present in all the curves, 
irrespective of their heat treatment, with a temperature of approxi-
mately 390 ◦C. 

Fig. 3b illustrates a more homogeneous microstructure of the light-
weight multicomponent alloy after solution treatment. A mostly FCC 
matrix with second phases such as (MgZn2), (Si), and (Mg2Si) can be 
observed. The (MgZn2) phase appears the brightest, and the (Mg2Si) 
phase occurs the darkest. These three intermetallics or second phases are 
clustered and have formed globular shapes. The presence of these phases 
is confirmed by the compositional analysis results in Fig. 3d. Point 05 
shows a high Al content of around 82 at.%, corresponding to the (Al) 
phase (FCC). Spectrum 06 confirms the stoichiometry of the (MgZn2) 
phase, while spectrum 07 corresponds to the chemical composition of 

(Mg2Si). Finally, Spectrum 08 indicates a high concentration of silicon, 
which suggests the presence of the (Si) phase. The backscattered elec-
tron image of the artificially aged sample (Fig. 3c) shows a micro-
structure similar to that in the solubilized condition. However, there are 
some differences. For example, the matrix in Fig. 3c contains pre-
cipitates in its interior. Additionally, brighter zones can be observed, 
which point to the (Zn) phase, according to the compositional analysis of 
point 12 (Fig. 3d). This (Zn) phase appears to be located in the interface 
of the Laves phase (MgZn2), and the matrix (Al) FCC. 

4.5. Hardness of samples 

The as-cast and heat-treated samples were evaluated for their hard-
ness, and the measured microhardness values are presented in Table 3. 
The as-cast specimen had a hardness value of HV 184. It can be observed 
that the solution treatment significantly increases the hardness of the 
alloy up to a value of 250 HV, while the artificially aged sample shows 
the lowest microhardness value, with a measurement of 148 HV. This 
phenomenon may be related to over-aging of the alloy. 

5. Discussion 

5.1. Phase evolution analysis 

Based on the results obtained from CALPHAD, DSC, XRD, and mi-
crographs of the Al58Zn28Mg6Si8 alloy under different conditions, As- 
Cast, DHHT (Double Homogenization Heat Treatment), and AA (Artifi-
cial Aging). The following sequence of phases that appear during cooling 
has been proposed. Table 4 displays the transformation temperatures 
identified from the DSC heating curves. 

The precipitation order during solidification is as follows (Fig. 6). 
Starting with the first phase that forms at high temperature from the 
liquid, it corresponds to (Si) phase that is supported with the projection 
of the liquid and the simulation in equilibrium by CALPHAD. 

The DSC measurements reveal two additional transition tempera-
tures within the range of 480–500 ◦C. The peak observed at approxi-
mately 500 ◦C is attributed to the dissolution of the eutectic phase 
formed by (Al) and (Si). The second peak at 480 ◦C corresponds to the 
melting of a eutectic phase formed by (Al) and (Mg2Si). These two 
transformations are supported by the microstructures in Fig. 3a, where 
contour C corresponds to the eutectic formed by (Al) (dark gray) and (Si) 
(darker zones), and contour D corresponds to the eutectic formed by (Al) 
(dark gray) and (Mg2Si) (black). These two phases were further 
confirmed by EDS measurements (Fig. 3d). Additionally, the precipita-
tion of these two phases agrees with the CALPHAD results. 

The fourth phase is associated with the Laves phase (MgZn2). This 
phase is observed in all the DSC curves (Fig. 6) and all the diffraction 
patterns (Fig. 2), regardless of the heat treatment at 380 ◦C. The 
microstructural and compositional analysis in Fig. 3 validates this 
intermetallic. It is evident that to dissolve the Laves phase, we must 

Table 2 
Heat treatment schedules for the Al58Zn28Mg6Si8 lightweight multicomponent alloy.  

Sample Solution Treatment Artificial Aging after Solutionization 

Step 1 Step 2 

Double Homogenization Heat Treatment “DHHT” 325 ◦C/24 h 380 ◦C/24 h + Quenching – 
Artificial Aging “AA” 325 ◦C/24 h 380 ◦C/24 h + Quenching 160 ◦C/240 min  

Fig. 6. DSC heating curves for the three conditions, “As-Cast”, “DHHT” (Double 
Homogenization Heat Treatment) and “AA” (Artificial Aging). 

Table 3 
Microhardness of the Al58Zn28Mg6Si8 lightweight multicomponent alloy.  

Alloy Condition Microhardness (HV) 

Lightweight multicomponent alloy As-Cast “AC” 184 ± 5 
Double Homogenization Heat Treatment “DHHT” 250 ± 4 

Artificial Aging “AA” 150 ± 2  
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increase the temperature of the solubilization above 400 ◦C, but there is 
a risk of incipient melting. 

The (Mg2Zn11) is the fifth phase to precipitate and is the only one 
that appears in the XRD of the As-Cast alloy, which suggests that it could 
be associated with the small peak at 370 ◦C that only appears in the DSC 
curve of the sample in this condition. This phase does not appear in the 
DHHT and AA samples because the treatment has been above the sta-
bility of this phase, at 380 ◦C. This peritectic reaction, according to Fig. 7 
of the Mg–Zn binary phase diagram, has only formed in the As-Cast state 
due to the higher presence of liquid, which means that it can form a 
small amount of primary form (the composition of the liquid runs 

towards higher Zn contents). 
After equilibrium solidification, a region of immiscibility appears in 

the (Al) phase, with an (Al)#1 zone containing a low concentration of 
Zinc and an (Al)#2 zone containing a higher amount of Zn, as shown in 
Fig. 8 of the Al–Zn binary phase diagram. Kogo et al. [26] conducted a 
thermodynamic evaluation based on experimental and phase diagram 
data for the binary Al–Zn system They found a miscibility gap in the 
FCC-Al phase below the critical temperature of 350 ◦C. This temperature 
has been verified to correspond to the second peak of the DSC analysis. 

The last phase to precipitate corresponds to (Zn). The XRD results 
depicted in Fig. 2 reveal that the (Zn) phase precipitates after artificial 
aging, which is further confirmed by the DSC analysis of the AA sample, 
as illustrated in Fig. 6. According to the Al–Zn binary phase diagram 
(Fig. 8), the formation of the (Zn) phase is preferential when (Al)#2 is 
present in the alloy, and vice versa. The backscattered electron image 
also confirms this observation, as shown in Fig. 3c. The bright regions 
correspond to the (Zn) phase. This explains the appearance and disap-
pearance of the two lower temperature peaks in the DSC analysis pre-
sented in Fig. 6. The first peak is observed during heating at 
approximately 280 ◦C and corresponds to (Zn) + (Al)#1 → (Al)#2, 
while the second peak, at around 340 ◦C, corresponds to (Al)#1 + (Al) 
#2 → (Al). 

5.2. Miscibility gap validation and HCP evolution 

The kinetics of spinodal decomposition in Al–Zn alloys is extremely 
rapid, even at low aging temperatures. Studies have shown that the Al- 
50 % Zn alloy undergoes rapid spinodal decomposition after solution 
treatment and cooling [27]. To confirm this phenomenon, transmission 
electron microscopy was employed to examine the microstructure in the 
solubilized and quenched samples, with the aim of characterizing the 
phase separation mechanism. The TEM bright field (BF) image and the 
corresponding selected area electron diffraction pattern (SADP) for the 
Al58Zn28Mg6Si8 lightweight multicomponent alloy after double ho-
mogenization heat treatment and quenching are shown in Fig. 9. These 
micrographs verify the formation of a supersaturated solid solution in 
the alloy after quenching. The TEM image in Fig. 9b shows a modulated 
microstructure containing a high-volume fraction of second phase. This 
type of microstructure is typical in alloys that decompose within low 
temperature miscibility gaps [28]. 

The SADP shown in Fig. 9c was observed from the zone axis of [013] 
and indicated a 2.338 Å and 2.024 Å interplanar spacing of the (111) 
and (200) planes. This is in good agreement with the lattice structure of 
the (Al) phase FCC with the unit cell parameter of a = 4.0496 Å. In 
addition, the corresponding electron diffraction pattern showed extra 
spots (satellites) (Fig. 9c), which are a product of preferential orienta-
tion during the spinodal decomposition. Satellite spots can occur 
because of the presence of planar defects such as stacking faults, line 
defects such as dislocations, spinodal decomposition, or regular arrays of 
crystal defects [29]. 

Similarly, the SADP in Fig. 9d was observed from the zone axis of 
[112], showing interplanar spacings of 3.134 Å, 1.919 Å, and 1.636 Å 
for the (111), (200), and (311) planes, respectively. These correspond to 
the diamond cubic crystal structure of the (Si) phase with a unit cell 
parameter of a = 5.4282 Å. The solution treatment has been shown to 
increase the strength of the alloy because of the solid solution hardening 
mechanism, which results from the interaction between dissolved 
alloying elements and dislocations [24]. The microhardness test results 
support this observation, with the DHHT sample displaying an increase 
in hardness of 66 HV compared to the as-cast sample, as shown in 
Table 3. 

In our previous study [30], we investigated the phase evolution of 
the Al58Zn28Mg6Si8 alloy as a function of temperature using X-ray 
Thermo-Diffraction. Our analysis revealed the existence of an additional 
phase with the same space group as aluminum (Fm3m) but a smaller 

Table 4 
The proposed invariant points of the system Al58Zn28Mg6Si8 lightweight 
multicomponent alloy.  

Reaction type Reaction Temperature (◦C) 

– L ↔ (Si) 565 
Eutectic L ↔ (Al) + (Si) 502 
Eutectic L ↔ (Al) + (Mg2Si) 480 

– L ↔ (MgZn2) 380 
Peritectic L + (MgZn2) ↔ Mg2Zn11 370 

Miscibility gap (Al)#1 + (Al)#2 ↔ (Al) 350 
Eutectoid (Zn) + (Al)#1 ↔ (Al)#2 280  

Fig. 7. The Mg–Zn binary phase diagram calculated by FactSage.  

Fig. 8. Binary Al–Zn diagram showing the miscibility gap of the (Al) phase 
calculated by FactSage. 
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lattice parameter. Based on our observations, we suggested that this 
phase could be the (Al)#2 phase of the miscibility gap. Due to the 
smaller atomic size of zinc compared to aluminum, a zinc-rich aluminum 
phase have a lower lattice parameter than (Al)#1. 

According to Popovic et al. [31], the sequence of precipitation during 
aging begins with the formation of (Zn-rich) Guinier-Preston zone (GPZ) 
spheres, with a size of approximately 1–2 nm, that are completely 
coherent with the Al-rich (Al) phase matrix. Further aging leads to a 
change in the morphology of GPZ to an ellipsoidal shape that remains 
coherent with the (Al) phase matrix, with a size of approximately 10 nm. 

Subsequent aging causes the formation of the metastable Zn-rich (Al)#2 
phase. Finally, prolonged aging of this type of alloy obtains the 
off-equilibrium hexagonal close-packed (HCP) Zn-rich (Zn) phase, 
which is incoherent with the matrix, as shown in Fig. 10. The XRD and 
DSC results of the artificially aged alloy, can be attributed to the direct 
precipitation of (Zn) from the quenched (Al) phase. Upon heating, the 
second variant of (Al), denoted as (Al)#2, forms at the transformation 
temperature around 280 ◦C (peak 1), and the end of the miscibility zone 
is observed with the second peak at 350 ◦C (peak 2) (Fig. 6). 

Fig. 9. (a–b) Bright-field TEM micrographs and (c–d) selected area electron diffraction patterns (SADP) confirming the phases in the Al58Zn28Mg6Si8 lightweight 
multicomponent alloy after double homogenization heat treatment and quenching, (c) SADP of the (Al) FCC phase and (d) SADP of the (Si) phase. 

Fig. 10. Micrograph of the specimen in the “AA” (Artificial Aging) condition. In detail, aluminum matrix with precipitated zinc phase.  
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6. Conclusions 

In this study, the Al58Zn28Mg6Si8 lightweight multicomponent alloy 
was designed and the effect of heat treatment on the microstructural 
phases was studied. Based on the results the following conclusions can 
be drawn:  

• Multicomponent alloy with low density were cast in the 
Al–Zn–Mg–Si system. The Al58Zn28Mg6Si8 alloy exhibits a density of 
less than 3.46 g/cm3 and a Vickers microhardness value of HV 250 in 
the solubilized state. Additionally, it shows a liquidus temperature of 
580 ◦C and a solidus temperature of 400 ◦C.  

• A solidification scheme based on both CALPHAD calculations and 
experimental results is proposed. Seven phase transformations were 
determined, which include the (Si) phase, the eutectic phases of 
(Al)+(Si) and (Al)+(Mg2Si), two phases of the Mg–Zn system, 
(MgZn2) and (Mg2Zn11), a miscibility gap, and the (Zn) phase.  

• The combined use of the CALPHAD methodology and experimental 
techniques has proven to be an effective approach for both predicting 
and validating the microstructure in lightweight multicomponent 
alloys.  

• The TEM results confirm that phase decomposition occurred through 
the mechanism of spinodal decomposition during the solution 
treatment. 
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