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Abstract: The effect of 0.2%Cr addition on the structure, phase composition, and mechanical prop-
erties of the novel cast and wrought Al-2.5Zn-2.5Mg-2.5Cu-0.2Zr-Er(Y) alloys were investigated in
detail. Chromium is distributed between primary crystals (5.7–6.8%) of the intermetallic phase and
the aluminum solid solution (0.2%) (Al). The primary crystals contain for the main part Cr, Ti, Er(Y).
The experimental phase composition is in good correlation with the thermodynamic computation
data. The micron-sized solidification origin phases (Al8Cu4Er(or Y) and Mg2Si) and supersaturated
(Al) with nano-sized Al3(Zr,Ti) and E (Al18Mg3Cr2) precipitates are presented in the microstructure
of the novel alloys after solution treatment. The nucleation of η (MgZn2) (0.5%), S (Al2CuMg) (0.4%),
and T (Al,Zn,Mg,Cu) (8.8%) phase precipitates at 180 ◦C, providing the achievement of a maximum
hardness of 135 HV in the Al2.5Zn2.5Mg2.5CuYCr alloy. The corrosion potential of the novel alloy is
similar to the Ecor of the referenced alloy, but the corrosion current density (0.68–0.98 µA/sm2) is still
significantly lower due to the formation of E (Al18Mg3Cr2) precipitates and S phase precipitates of the
aging origin, in addition to the T phase. The formation of E (Al18Mg3Cr2) precipitates under the solu-
tion treatment provides a lower proportion of recrystallized grains (2.5–5% vs. 22.4–25.1%) and higher
hardness (110 HV vs. 85–95 HV) in the Cr-rich alloys compared to the referenced alloys. Solution
treated, hot and cold rolled, recrystallized, water quenched and aged at 210 ◦C alloys demonstrate an
excellent microstructure stability and tensile properties: YS = 299–300 MPa, UTS = 406–414 MPa, and
El. = 9–12.3%.

Keywords: aluminum alloys; microstructure; mechanical properties; precipitates; erbium; yttrium

1. Introduction

The most widely used cast and wrought aluminum alloys with medium and high
strength are the alloys of the Al-Cu-(Mg) and Al-Zn-Mg-(Cu) systems [1]. The Al-Cu-(Mg)
alloys demonstrate a good strength at room and elevated temperatures but exhibit low
casting properties and corrosion resistance [1–4]. The high strength wrought Al-Zn-Mg-
(Cu) alloys lack low casting and corrosion properties, and low heat resistance [1–3,5,6].
General principles of eutectic forming elements alloying were employed to enhance the
castability and heat resistance of both groups of alloys [4,5,7,8]. A novel approach to de-
veloping crossover alloys based on using aluminum alloy scraps was presented [9]. The
crossover alloys combine the properties of mixed alloys of different series [10–17]. A novel
crossover Al-5.64Mg-5.43Zn-0.51Cu alloy with ultra-high strength was developed based
on Al-Mg/Al-Zn-Mg-(Cu) systems [13]. A significantly earlier method of improving of
casting properties and heat and corrosion resistance of the Al-Zn-Mg-(Cu) alloys was sug-
gested [18–21]. This method was based on obtaining alloys with a Zn/Mg ratio near [18–21].
Novel cast and wrought Al-3Zn-3Mg-3Cu-Zr-Y(Er) alloys with improved heat resistance
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were developed based on the principles of the Zn/Mg ratio [21]. On the other hand, this
alloy could be classified as a crossover alloy, based on the Al-Cu/Al-Zn-Mg-(Cu) systems,
with additional alloying by rare earth metals. As a result, the novel Al-3Zn-3Mg-3Cu-Zr-
Y(Er) alloy combines the improved casting properties of the cast A-Zn-Mg alloys [1,3,5,6],
good strength of the Al-Zn-Mg-Cu alloys [1], and improved heat resistance of the Al-Cu al-
loy [1,2,4]. Zn, Mg, and Cu in the ratio used provide aging strengthening due to nucleation
of the T’ precipitates [13,16,21]. The presence of Cu and Er in the alloy leads to formation
of a fine Al8Cu4Er phase during solidification, which improves casting properties and
heat resistance [22,23]. Zr and Er(Y) provide precipitate strengthening due to nucleation
of the L12-Al3(Zr,Er(Y)) precipitates during the solution treatment [21,23–30]. The most
important effect of Er(Y) is in increasing the solidus temperature of the alloy. A higher
solidus temperature is important to obtain improved heat resistance and for increasing
the hot deformation temperature [21]. Consequently, the novel Al-3Zn-3Mg-3Cu-Zr-Y(Er)
alloy shows good strength at room and elevated temperatures after quenching and aging
of the ingots and rolled sheets [21].

The addition of trace chromium, along with other rare earth and transition metals,
to the Al-Zn-Mg-Cu alloys can lead to the refinement of the grain structure, significantly
and improve strength, recrystallization, corrosion, and fracture behavior, due firstly to
the formation of Al7Cr (Al45Cr7) or E (Al18Mg3Cr2) precipitates [1,2,31–43]. AlCrSi or α-
Al(Mn,Cr,Fe)Si precipitates may nucleate in the Si containing aluminum alloys [44,45].
Chromium may substitute aluminum atoms in the L12-structured precipitates of the
(Al,Cr)3(Zr,Yb) phase, which improves the coarsening-resistance of the Al3Zr and Al3(Zr,Yb)
phases at 500 ◦C [46].

The aim of the present study is to determine the effect of 0.2% Cr addition on the
microstructure, mechanical and corrosion behavior of the Al-2.5Zn-2.5Mg-2.5Cu-Er(Y)-Zr-
Ti-Fe-Si alloy in the as-cast, quenched and aged, rolled and annealed states. The content
of the primary alloying elements was decreased to make the alloys more technologically
useful under thermo-mechanical treatment and to improve plasticity.

2. Materials and Methods
2.1. Alloys Preparation

The referenced Al3Zn3Mg3CuEr(Y) [22] and novel Al2.5Zn2.5Mg2.5CuEr(Y)Cr alloys
were melted using pure Al (99.7%), Zn (99.7%), Mg (99.5%), Cu (99.5%) and Al-10Er, Al-10Y,
Al-5Zr, Al-10Cr and Al-5Ti-1B master alloys in a resistance furnace in air. The content of the
Zn, Mg, Cu, Y, and Er in the alloys after melting was measured by an electron diffraction
X-ray (EDX) detector X-max 80 in a scanning electron microscope (SEM) TESCAN VEGA
3LMH (Tescan, Brno, Kohoutovice, Czech Republic) (Table 1). The melting process and
pouring of the melt was at a temperature of 800–810 ◦C. Pure Cu and master alloys were
introduced into the melt of Al separately, step by step. Then, pure Mg was introduced
using Ti bell, and finally Zn was introduced before pouring into a copper water-cooling
(CM) and steel molds (SM). The CM mold had internal sizes of 120 × 40 × 20 mm3, and the
ingot’s weight was about 300 g. The ingots obtained in the CM were used for rolling. The
cylinder bars obtained in the SM had a diameter of 24 mm and length of 290 mm with a
weight of about 800 g. The SM bars were used for tensile test sample preparation. The hot
tearing sensitivity was measured using “pencil probe”, and the hot cracking index (HCI)
was determined [2–5].

Table 1. Chemical composition of the investigated and referenced alloys in wt.%. (SEM EDX).

Alloy Al Zn Mg Cu Zr Ti Fe and Si Y or Er Cr

Al3Zn3Mg3CuY bal. 3.1 2.9 2.9 0.2 0.1 0.3 0.6 -
Al2.5Zn2.5Mg2.5CuYCr bal. 2.6 2.6 2.7 0.2 0.1 0.3 0.5 0.2

Al3Zn3Mg3CuEr bal. 2.9 2.8 3.0 0.2 0.1 0.3 1.4 -
Al2.5Zn2.5Mg2.5CuErCr bal. 2.6 2.5 2.6 0.2 0.1 0.3 1.3 0.2
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2.2. Microstructure and Phase Composition Analyses

Thermodynamic computations (TC) of the multicomponent phase diagram, phase equi-
libria and non-equilibrium solidification of the alloy were carried out in the Thermo-Calc
software (TCW5, Thermo-Calc Software AB, Stockholm, Sweden) in the TTAL5 database.

The optical Zeiss microscope (OM) and electron backscattered diffraction (EBSD) HKL
detector (NordlysMax) in SEM were used to analyze the ingots’ and rolled sheets’ grain
structure. The polarized light in the OM was applied to grain structure visualization. Mi-
crostructure and phase identification were investigated in detail in SEM. SEM images were
obtained with a back-scattered electron (BSE) detector at ×3000 magnification and voltage
of 20 kV. SEM phase identification was performed using the electron diffraction X-ray (EDX)
detector X-max 80. The EBSD maps were processed in an area of 250 × 250 µm2 with a
0.5 µm step size to identify high angle grain boundaries (HAGBs with misorientation >15◦)
and low angle grain boundaries (LAGBs with misorientation <15◦).

2.3. Preparation of the Specimens for Microstructure Investigation

Samples for optical microscopy (OM) and scanning electron microscopy (SEM) analysis
underwent mechanical grinding and polishing. Struers Labopol equipment was utilized for
these processes, employing grinding disk sheets with grit sizes of #800, #1200, #2000, and
#4000, along with OP-S suspension for specimen preparation. For OM, the grain structure
was electrochemically etched using Barker’s reagent (46 mL of HBF4, 7 g of HBO3, and
970 mL of H2O) at 15–25 V and 0–5 ◦C. The average grain size was determined using the
random secant method based on three images.

2.4. Heat Treatment and Rolling Processing

The Labsys Setaram differential scanning calorimeter (DSC) from SETARAM Instru-
mentation (Caluire, France) was used to determine the solidus and phase transformation
temperatures of the alloys. Solution treatment, carried out at 480–520 ◦C for 3 and 6 h,
occurred in a resistant furnace with an accuracy of approximately 1 ◦C. Subsequent aging
after solution treatment and water quenching took place at 120–210 ◦C in the same furnace
with an accuracy of about 3 ◦C. Following solution treatment at 480–520 ◦C and water
quenching, the ingot underwent hot rolling at 500 ◦C, starting from a thickness of 20 mm to
5 mm and, at room temperature, to 1 mm thickness sheets. Samples from the rolled sheets
underwent annealing at temperatures ranging from 150–500 ◦C for different durations to
investigate grain structure, hardness, and tensile properties. The heat treatment was pro-
cessed in the air atmosphere. The rolled sheets were subsequently recrystallized at 520 ◦C
for 15 min, water-quenched, and aged at 120–210 ◦C to determine their tensile properties.

2.5. Mechanical Properties’ Measurements and Calculations

Hardness measurements were conducted using the Vickers method under a 5 kg
load. Tensile samples were stretched using a Zwick/Roell Z250 Allround test machine
(Zwick/Roell, Kennesaw, GA, USA) with an extensometer. The samples, featuring a gage
diameter of 6 mm and gauge length of 42 mm, were cut from heat-treated ingots obtained
in a steel mold. Additionally, tensile samples with a gauge width of 6 mm and gauge length
of 22 mm were cut from 1 mm thickness sheets. A minimum of 3 samples were tested per
state, and the average value was calculated.

2.6. Electro-Chemical Corrosion Tests

Samples with diameter of 10 mm and length of 60 mm were used for electrochem-
ical corrosion tests with potentiostat-galvanostat P-45X (Electro Chemical Instruments,
Chernogolovka, Russia). Tests were performed in the 3.5%NaCl water solution. AgCl2
electrode was used as reference electrode and graphite electrode as counter electrode.
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3. Results and Discussion
3.1. Thermodynamic Calculation of the Phase Composition

The calculated equilibrium polythermal section in the Al-2.5Zn-2.5Mg-2.5Cu-0.2Zr-
0.1Ti-0.15Si-0.15Fe-(0–0.4)Cr system (a) and non-equilibrium solidification curve (b) of the
Al2.5Zn2.5Mg2.5CuCr alloy are presented in Figure 1. Increasing the Cr concentration to
0.4% in the Al-2.5Zn-2.5Mg-2.5Cu-0.2Zr-0.1Ti-0.15Si-0.15Fe alloy did not affect the liquidus
temperature and type of primary crystals (Figure 1a). The equilibrium solidification of the
Al2.5Zn2.5Mg2.5CuCr alloy starts from the Al3(Zr,Ti) phase formation (Figure 1). The first
Cr content Al7Cr phase solidified after primary Al3(Zr,Ti) at a chromium concentration of
more than 0.12%. The non-equilibrium solidification curve calculated by the Sheil model
works on the assumption that the distributive and equalizing diffusion in a liquid phase is
completely processed. However, the formation of the primary intermetallic phases, such
as Al3(Zr,Ti) and Al7Cr, may be suppressed. The as-cast microstructure should consist
of the Al3Fe, Mg2Si, Al7Cu2Fe, S(Al2CuMg), and MgZn2 phases in accordance with the
non-equilibrium solidification curve (Figure 1b). The described theoretical specifics may
be applied to the Er(Y)-free alloy. The microstructure of the investigated alloys will be
analyzed in detail in the next part.

Liquidus temperature (TL), equilibrium solidus temperature (TS), temperature of the
65% of solid phases formation (T65%) and non-equilibrium solidus temperature (TNS) were
determined from Figure 1b (Table 2). The effective solidification range (ESR) and the
HCI of the alloys may be calculated using the non-equilibrium solidification curve [5].
The ESR of the Al-Zn-Mg-Cu alloys is in a range between T65% and TNS [5]. The ESR of
the Al2.5Zn2.5Mg2.5CuCr is equal to 131 ◦C, and the calculated HCI is equal to 14 mm.
HCI = 14 is the index of the low sensitivity of the alloy to crack formation of solidification
origin [5].

Table 2. Critical temperatures (TC), ESR, and HCI of the Al2.5Zn2.5Mg2.5CuCr alloy.

TL, ◦C TS, ◦C T65%, ◦C TNS, ◦C ESR, ◦C HCIc, mm

756 521 606 475 131 14
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3.2. As-Cast Microstructure and Phase Composition

The alloy casting was performed in SM and CM. The cooling rate during solidification
in the CM is higher than in the SM. Figure 2 illustrates the distinctions in the grain and den-
dritic cell structure of the as-cast alloys. The different cooling rate have no significant effect
on the grain structure of the Cr-free Al3Zn3Mg3CuEr(Y) alloys, as demonstrated in [21]. A
finer grain structure with a size of 45 ± 10 µm was indicated in the Al3Zn3Mg3CuEr alloy
in comparison with the Al3Zn3Mg3CuY alloy (80 ± 10 µm) [21]. Chromium alloying of the
Al2.5Zn2.5Mg2.5CuEr(Y) alloys makes the grain structure the same (Figure 2). However,
the cooling rate has a limited impact on the grain size of the Al2.5Zn2.5Mg2.5CuEr(Y)
alloys (Figure 2). The average grain size in the CM is 50 ± 10 µm and in the SM 90 ± 15 µm
(Figure 2). The significant effect of 0.2Cr, 0.2Mn, 0.14Zr, and 0.03Ti on the grain structure of
the Al-Zn-Mg-Cu cast alloy was demonstrated earlier [43]. The impact of chromium and
manganese is linked to reducing the surface tension between liquid aluminum and solid
Al3(Tix,Zr1−x) (Al3Ti, Al3Zr) particles [43]. Our previous investigations of the Cr effect on
the structure and properties of Al-Cu-Y(Er)-Zr-(Mg) alloys show the same significant effect
of grain refining [47,48]. The additional refining effect was explained by the nucleation of
primary Al75–80Cu10–12Er(Ti)3–4Cr7 phase particles, which could serve as nucleation centers
of the primary aluminum solid solution [47,48]. The lower cooling rate during solidifica-
tion in the CM provides a finer dendritic cell structure (SDAS) (Figure 2). However, as
demonstrated in [21,49] such differences in the SDAS size do not have a significant impact
on mechanical properties.

The microstructure (SEM) of the as-cast samples of the Al2.5Zn2.5Mg2.5CuYCr and
Al2.5Zn2.5Mg2.5CuErCr alloys is presented in Figure 3. The detailed investigation of the
as-cast microstructure of the referenced Al3Zn3Mg3CuEr(Y) alloys was carried out in [21].
Solidification of the primary Cr-rich crystals is the main difference in the microstructure
between investigated and referenced alloys ([21] and Figure 3). Chromium is distributed
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between primary crystals (5.7–6.8%) and the aluminum solid solution (0.2%) (Figure 3
and Table 1). The primary crystals contain for the main part Cr, Ti, Er(Y), with additional
dissolving of Zn, Mg, Cu (Figure 3 and Table 3). The different ternary intermetallic phases
may solidify in accordance with the ternary phase diagram of the Al-Er-Cr [50], Al-Cu-
Cr [51], Al-Er-Mg [52], Al-Cr-Mg [53] and Al-Ti-Er [54] systems. Information on more
complex phases was not found in the literature. In this case, it is very difficult to identify the
primary crystals’ formula. The main alloying elements Zn/Mg/Cu provide the formation
of the T (Al,Zn,Mg,Cu) phase (distribution of alloying elements into the red rectangle).
The main Zn/Mg/Cu containing phases in the Er(Y)-free alloys should be S (Al2CuMg)
and η (MgZn2), in accordance with TC (Figure 1). These phases may be presented in the
microstructure, but their identification through SEM is difficult due to the very low volume
fraction. Copper and erbium (or yttrium) lead to solidified Al8Cu4Er(or Y) phase particles
with dissolved Zn, Fe, and Mg (Figure 3 and Table 3). Er-rich particles of the Al3Er phase
were also identified (Figure 3b). The presence of silicon impurity leads to formation of the
Mg2Si phase (Figure 3). EDX measurements indicate Zr and Y or Er concentrations in the
(Al) as 0.3% and 0.2% or 0.3%, respectively (Table 3).

Metals 2024, 14, 547 6 of 19 
 

 

between liquid aluminum and solid Al3(Tix,Zr1−x) (Al3Ti, Al3Zr) particles [43]. Our pre-

vious investigations of the Cr effect on the structure and properties of 

Al-Cu-Y(Er)-Zr-(Mg) alloys show the same significant effect of grain refining [47,48]. The 

additional refining effect was explained by the nucleation of primary Al75–80Cu10–12Er(Ti)3–

4Cr7 phase particles, which could serve as nucleation centers of the primary aluminum 

solid solution [47,48]. The lower cooling rate during solidification in the CM provides a 

finer dendritic cell structure (SDAS) (Figure 2). However, as demonstrated in [21,49] 

such differences in the SDAS size do not have a significant impact on mechanical prop-

erties. 

  

  

Figure 2. As-cast grain structure (polarized light in OM) of the (a,b) Al2.5Zn2.5Mg2.5CuYCr and 

(c,d) Al2.5Zn2.5Mg2.5CuErCr alloys poured into (a,c) CM and (b,d) SM. 

The microstructure (SEM) of the as-cast samples of the Al2.5Zn2.5Mg2.5CuYCr and 

Al2.5Zn2.5Mg2.5CuErCr alloys is presented in Figure 3. The detailed investigation of the 

as-cast microstructure of the referenced Al3Zn3Mg3CuEr(Y) alloys was carried out in 

[21]. Solidification of the primary Cr-rich crystals is the main difference in the micro-

structure between investigated and referenced alloys ([21] and Figure 3). Chromium is 

distributed between primary crystals (5.7–6.8%) and the aluminum solid solution (0.2%) 

(Figure 3 and Table 1). The primary crystals contain for the main part Cr, Ti, Er(Y), with 

additional dissolving of Zn, Mg, Cu (Figure 3 and Table 3). The different ternary inter-

metallic phases may solidify in accordance with the ternary phase diagram of the 

Al-Er-Cr [50], Al-Cu-Cr [51], Al-Er-Mg [52], Al-Cr-Mg [53] and Al-Ti-Er [54] systems. In-

formation on more complex phases was not found in the literature. In this case, it is very 

difficult to identify the primary crystals’ formula. The main alloying elements Zn/Mg/Cu 

provide the formation of the T (Al,Zn,Mg,Cu) phase (distribution of alloying elements 

into the red rectangle). The main Zn/Mg/Cu containing phases in the Er(Y)-free alloys 

should be S (Al2CuMg) and η (MgZn2), in accordance with TC (Figure 1). These phases 

may be presented in the microstructure, but their identification through SEM is difficult 

due to the very low volume fraction. Copper and erbium (or yttrium) lead to solidified 

Al8Cu4Er(or Y) phase particles with dissolved Zn, Fe, and Mg (Figure 3 and Table 3). 

Er-rich particles of the Al3Er phase were also identified (Figure 3b). The presence of sili-

con impurity leads to formation of the Mg2Si phase (Figure 3). EDX measurements indi-

Figure 2. As-cast grain structure (polarized light in OM) of the (a,b) Al2.5Zn2.5Mg2.5CuYCr and
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Table 3. Composition of the phases in the as-cast state in wt.% (EDX SEM).

Phase Al Zn Mg Cu Ti Fe Y or Er Cr

1 (Figure 3a) bal. 4.5 2.7 27 - 1.9 11.2 -
2 (Figure 3a) bal. 3.7 2.8 3.7 5.8 - 11.6 6.8

(Al) (Figure 3a) bal. 2.1 1.9 1.0 - 0.3Zr 0.2 0.2
1 (Figure 3b) bal. 2.8 1.6 26.5 - 1.6 11.2 -
2 (Figure 3b) bal. 3.4 2.5 3.4 4.7 - 16.2 5.7

(Al) (Figure 3b) bal. 1.8 1.5 0.9 - 0.3Zr 0.3 0.2
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3.3. Evaluation of the Microstructure under Solution Treatment

The DSC-heating curves of the Al2.5Zn2.5Mg2.5CuYCr and Al2.5Zn2.5Mg2.5CuErCr
alloys are shown in Figure 4. The melting behavior of both alloys is similar. Distinct peaks
are observed in the heat flow vs. temperature dependencies. Melting of the T, Al7Cu2Fe,
and Mg2Si phases in the reactions at temperatures of 492–493 ◦C, 524–530 ◦C, and 550 ◦C
were found in the DSC-heating curves. These results are in good agreement with the TC
(Figure 1b) and melting behavior of the referenced Al3Zn3Mg3CuEr(Y) alloys [21]. The
fourth peak corresponds to the melting of the Al8Cu4Er(or Y) phase particles and the
fifth to the (Al) melting. The two-stage mode of the solution treatment was used: 480 ◦C
for 3 h and 520 ◦C for 6 h. The same mode was used in the referenced alloys [21]. The
non-equilibrium Zn/Mg/Cu containing phases dissolved at the first stage. The equilibrium
phases fragmentized and spheroidized more completely at the second stage.

As-solution treated microstructures of the Al2.5Zn2.5Mg2.5CuYCr and Al2.5Zn2.5Mg2.5-
CuErCr alloys are demonstrated in Figure 5. The T phase completely dissolved, and the
equilibrium phases fragmentized and spheroidized. The results of the microstructure
investigation after the solution treatment at 520 ◦C correlate with TC (Table 4). The Mg2Si
and Al3Fe phases of the solidification origin and Al3(Zr,Ti) and E (Al18Mg3Cr2) precipitates
should be in equilibrium with the aluminum solid solution in the Er(Y) free alloy (Table 4).
The Al3(Zr,Ti) and E (Al18Mg3Cr2) phase precipitates must be nucleated from the supersatu-
rated aluminum solid solution under solution treatment. The Zn/Mg/Cu concentrations in
the (Al) increased due to the dissolving of the T phase of the solidification origin (Figure 5
and Table 5). The main effect of the Er(Y) on the composition of (Al) is in the decrease in the
Cu content due to the Al8Cu4Er(or Y) phase formation after cast. As a result, the nominal
Cu content in the (Al) is 1.4–1.6% (Table 5) in comparison with the TC data (2.5% Cu in (Al)
(Table 4)). However, the Cu concentration in the (Al) in the Al2.5Zn2.5Mg2.5CuYCr and
Al2.5Zn2.5Mg2.5CuErCr alloys is higher than in the referenced alloy by 0.2–0.3% (Table 5).
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The Er(Y) content in the alloy determines the fraction of the Al8Cu4Er(or Y) phase. The
lower Cu is needed for formation of the Al8Cu4Er(or Y) phase at a lower content of Er(Y)
in the alloy. As a result, a higher Cu concentration in the (Al) and lower volume fraction
of Al8Cu4Er(or Y) phase is seen in the investigated alloys than in the referenced alloys.
The micron sized solidification origin phases (Al8Cu4Er(or Y) and Mg2Si) and supersatu-
rated (Al) with nanosized Al3(Zr,Ti) and E (Al18Mg3Cr2) precipitates are presented in the
microstructure of the novel Al2.5Zn2.5Mg2.5CuYCr and Al2.5Zn2.5Mg2.5CuErCr alloys
(Figure 5 and Tables 4 and 5). The detailed evaluation of Al3(Zr,Ti) and E (Al18Mg3Cr2)
precipitates will be investigated in future work.
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Table 4. Mass fraction of phases and concentration of alloying elements in the (Al) at 520 ◦C (TC).

(Al) Al3Fe E (Al18Mg3Cr2) Mg2Si Al3(Zr,Ti)

bal.
(2.5Zn-2.4Mg-2.5Cu-0.1Cr) 0.4 0.3 0.25 0.35

Table 5. Concentration of the Zn/Mg/Cu in (Al) in mass.% (EDX SEM).

Alloy
As-Cast State 480 ◦C, 3 h + 520 ◦C, 6 h

Zn Mg Cu Zn Mg Cu

Al2.5Zn2.5Mg2.5CuYCr 2.1 1.9 1.0 2.9 2.9 1.6
Al3Zn3Mg3CuY [22] 2.2 2.2 1.0 3.1 3.1 1.3

Al2.5Zn2.5Mg2.5CuErCr 1.8 1.5 0.9 2.8 2.8 1.4
Al3Zn3Mg3CuEr [22] 2.2 1.9 1.0 3.0 3.0 1.2
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Figure 5. As-solution treated microstructure of the (a) Al2.5Zn2.5Mg2.5CuYCr and (b) Al2.5Zn2.5-
Mg2.5CuErCr alloys (distribution of alloying elements into red rectangle and EDX spectra
from phases).

3.4. Aging Behavior and Mechanical Properties of Cast Alloy

Metastable modifications of the η, S, and T phases are expected to nucleate in the (Al)
during aging at 120–210 ◦C after solution treatment and quenching of the Al2.5Zn2.5Mg2.5-
CuYCr and Al2.5Zn2.5Mg2.5CuErCr alloys in accordance with the TC (Table 6). The η and
T phase precipitates are anticipated to contribute hardening at lower aging temperatures.
(Table 4). S phase precipitates substitute η phase with increasing aging temperature to
210 ◦C (Table 6). The aging hardening of the referenced Al3Zn3Mg3CuEr(Y) alloys were
connected with formation of T phase precipitates only ([21] and Table 6).

Table 6. Mass fraction of phases in equilibrium with the (Al) at 120–210 ◦C (TC).

Alloy Composition of (Al) Phase Composition at 120–210 ◦C

Zn Mg Cu η S T

Al2.5Zn2.5Mg2.5CuYCr 2.9 2.9 1.6 1.4–0 0–0.8 8.9–8.4
Al2.5Zn2.5Mg2.5CuErCr 2.8 2.8 1.4 0.7–0 0–0.3 9.1–8.3
Al3Zn3Mg3CuEr(Y) [22] 3.0 3.0 1.2 - - 9.9–8.7

The HV curves at different aging temperatures for the Al2.5Zn2.5Mg2.5CuYCr and
Al2.5Zn2.5Mg2.5CuErCr alloys are compared with the referenced Al3Zn3Mg3CuEr(Y)
alloys in Figure 6. The as-quenched hardness of the investigated alloys is nearly the same
at 72–77 HV (Figure 6). The aging of the alloys at 120–150 ◦C is processed with similar
hardening (Figure 6a,b). However, an increase in the aging temperature to 180–210 ◦C
provides a higher level of hardening in the investigated alloys compared to the referenced
alloys (Figure 6b,c). The nucleation of η (0.5%), S (0.4%), and T (8.8%) precipitates at 180 ◦

achieves the maximum hardness of 135 HV in the Al2.5Zn2.5Mg2.5CuYCr alloy (Figure 6c).
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However, as must be noted, the same hardening effect was achieved after aging at 210 ◦C
(Figure 6d). The heat resistant alloys must be aged at a temperature higher or the same
as the operating temperature. The investigated alloys were aged at 210 ◦C for 3 h before
tensile tests at temperatures of 20 ◦C and 200 ◦C.
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Figure 6. HV curves of cast alloys at different aging temperatures of (a) 120 ◦C, (b) 150 ◦C, (c) 180 ◦C,
and (d) 210 ◦C after solution treatment and quenching.

The average values of yield strength (YS), ultimate tensile strength (UTS), and elon-
gation (El.) at temperatures of 20 ◦C and 200 ◦C are summarized in Table 7. The novel
alloys incorporate 0.2% Cr, while Zn/Mg/Cu content is reduced by 1.5%. While the tensile
properties of the novel alloys are slightly lower than those of the referenced alloys, they
remain significantly higher than those of the commercial cast 771.0 (7Zn-0.9Mg-0.13Cr)
alloy, which exhibits YS = 185 MPa after aging at 205 ◦C for 6 h [1].

Table 7. YS, UTS, and El. of alloys aged at 210 ◦C for 3 h at temperatures of 20 ◦C and 200 ◦C.

Alloy YS, MPa UTS, MPa El., %

20 ◦C

Al2.5Zn2.5Mg2.5CuYCr 257 ± 4 298 ± 1 1.4 ± 0.1
Al2.5Zn2.5Mg2.5CuErCr 260 ± 1 310 ± 5 2 ± 0.3

Al3Zn3Mg3CuEr(Y) 270–280 330–340 2–3

200 ◦C

Al2.5Zn2.5Mg2.5CuYCr 233 ± 5 245 ± 4 7 ± 0.6
Al2.5Zn2.5Mg2.5CuErCr 215 ± 3 228 ± 5 5 ± 0.5

Al3Zn3Mg3CuEr(Y) 225–230 237–250 3.5–5.2

3.5. Electrochemical Corrosion Behavior

A lower corrosion current density (Icor) value and higher corrosion potential (Ecor) are
indicative of better corrosion resistance of the alloy, as per Faraday’s law. The polarization
curves of the investigated and referenced Er(Y)-free and Cr-free alloys are presented in
Figure 7. The Tafel approximation was used to determine the Icor values. The Er(Y)-
free and Cr-free Al3Zn3Mg3Cu alloys exhibit the highest Icor value of 4.81 µA/sm2. The
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Er(Y) alloying provides a significant increase in the corrosion resistance. The Icor values
decreased to 0.23–1 µA/sm2 and Ecor increased from 0.689 V to 0.705–0.71 V (Table 8).
The increase in corrosion resistance may be attributed to the formation of the T phase
precipitates in the Al3Zn3Mg3CuEr(Y) alloys versus η, S, and T phase precipitates in
the Al3Zn3Mg3Cu alloy (based on TC in [21]). The second reason is the increase in the
Al3(Zr,Er(or Y)) precipitates’ density in the Al3Zn3Mg3CuEr(Y) alloys in comparison
with Al3Zr in the Al3Zn3Mg3Cu alloy [21]. The corrosion resistance of the investigated
Al2.5Zn2.5Mg2.5CuYCr and Al2.5Zn2.5Mg2.5CuErCr alloys is the same as for the Cr-
free alloys with higher Zn/Mg/Cu content. The main difference of the Cr-rich alloys is
the formation of E (Al18Mg3Cr2) precipitates and S phase precipitates of aging origin, in
addition to the T phase (Tables 4 and 6). As a result, the corrosion potential of the novel alloy
is similar to the Ecor of Al3Zn3Mg3Cu referenced alloy, but the corrosion current density is
still significantly lower (Table 8). The positive effect of the rare earth and transition metals
on the corrosion resistance of the Al-Zn-Mg-Cu alloys was described earlier [31,33,35,36,41].

Metals 2024, 14, 547 12 of 19 
 

 

 
Figure 7. Polarization curves of the investigated and referenced alloys after casting, solution 
treatment, quenching and aging at 210 °С. 

3.6. Recovery and Recrystallization Behavior of Rolled Sheets 
The recovery and recrystallization processes are accelerated by annealing the cold 

deformed material. The nano-sized precipitates effectively pinned the dislocation motion 
and migration of the sub-grains and grain boundaries [28,36,41]. On the other hand, mi-
cron-sized intermetallic particles serve as effective centers for nucleation of recrystallized 
grains, relying on the particle stimulated nucleation effect [41,55–60]. These processes 
take place in the investigated alloys. The Cr addition provides for the increase in the de-
formation strengthening and achieving higher hardness in the as-rolled state (Figure 8). 
Consequently, the rate of the hardness decrease in the Cr-rich alloys with lower 
Zn/Mg/Cu content is higher during annealing up to 200 °С. The main processes in this 
stage are the decreasing of the point and linear defects density. The effect of the Cr con-
taining precipitates becomes visible from 200 °С when the rate of the hardness reduction 
decreases (Figure 8). 

Figure 7. Polarization curves of the investigated and referenced alloys after casting, solution treatment,
quenching and aging at 210 ◦C.

Table 8. Electrochemical corrosion parameters of the alloys.

Alloy Ecor, V Icor, µA/sm2

Al3Zn3Mg3Cu −0.689 4.81

Al3Zn3Mg3CuY −0.705 0.23

Al3Zn3Mg3CuEr −0.710 1.00

Al2.5Zn2.5Mg2.5CuYCr −0.681 0.98

Al2.5Zn2.5Mg2.5CuErCr −0.687 0.68
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3.6. Recovery and Recrystallization Behavior of Rolled Sheets

The recovery and recrystallization processes are accelerated by annealing the cold
deformed material. The nano-sized precipitates effectively pinned the dislocation motion
and migration of the sub-grains and grain boundaries [28,36,41]. On the other hand, micron-
sized intermetallic particles serve as effective centers for nucleation of recrystallized grains,
relying on the particle stimulated nucleation effect [41,55–60]. These processes take place
in the investigated alloys. The Cr addition provides for the increase in the deformation
strengthening and achieving higher hardness in the as-rolled state (Figure 8). Consequently,
the rate of the hardness decrease in the Cr-rich alloys with lower Zn/Mg/Cu content is
higher during annealing up to 200 ◦C. The main processes in this stage are the decreasing
of the point and linear defects density. The effect of the Cr containing precipitates becomes
visible from 200 ◦C when the rate of the hardness reduction decreases (Figure 8).
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The second stage of recovery is the formation of the sub-grain structure with LAGBs.
The first recrystallized grains were observed after 1 h of annealing at 350 ◦C (Figure 9).
The fraction of recrystallized grains with HAGBs in the Al2.5Zn2.5Mg2.5CuYCr and
Al2.5Zn2.5Mg2.5CuErCr alloys is 2.5% and 5%, respectively (Figure 9). The fraction
of the recrystallized structure with HAGBs of 22.4–25.1% was achieved in the Cr-free
Al3Zn3Mg3CuEr(Y) alloys (Figure 9) in the same state. The lower proportion of recrys-
tallized grains results in higher hardness, approximately 110 HV, in the Cr-rich alloys
compared to the 85–95 HV observed in the Al3Zn3Mg3CuEr(Y) alloys (Figure 8). This
difference is attributed to the formation of E (Al18Mg3Cr2) precipitates during the solu-
tion treatment.

The increase in hardness in the range of 400–500 ◦C can be explained by natural aging.
The quenching temperature of the alloys is 520 ◦C. The 1 mm thickness samples were
air-cooled after annealing, and the supersaturated solid solution was preserved in the
structure. There was an interval of about 5–10 min between air cooling after annealing and
hardness measurements. Natural aging hardening in this case was achieved. Increasing
the natural aging time to 1 week after annealing at 500 ◦C provides an increase in hardness
to 135 HV and 131 HV in the Al2.5Zn2.5Mg2.5CuYCr and Al2.5Zn2.5Mg2.5CuErCr alloys,
respectively. Additionally, the increasing in the annealing temperature to 520 ◦C at the
same time of following natural aging provides a higher hardness of 140 HV and 135 HV
due to the formation of a more saturated solid solution.
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Figure 9. Grain structure of the (a) Al2.5Zn2.5Mg2.5CuYCr, (b) Al2.5Zn2.5Mg2.5CuErCr,
(c) Al3Zn3Mg3CuY (adapted from Ref. [21]), and (d) Al3Zn3Mg3CuEr (adapted from Ref. [21]) alloys
after 1 h of annealing at 350 ◦C of rolled sheets (EBSD) (blue—recrystallized grains, yellow—sub-
grains, red—deformed grains).

The recrystallization annealing at 520 ◦C for 15 min and water quenching were applied
to the Al2.5Zn2.5Mg2.5CuYCr and Al2.5Zn2.5Mg2.5CuErCr alloys. An average grain size
of 10–15 µm is seen in the investigated alloys (Figure 10).
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3.7. Aging Behavior and Mechanical Properties of Wrought Alloy

The recrystallization annealing at 520 ◦C for 15 min, water quenching, and natu-
ral and artificial aging at 120–210 ◦C were applied to the Al2.5Zn2.5Mg2.5CuYCr and
Al2.5Zn2.5Mg2.5CuErCr alloys sheets. The HV vs time dependencies of the rolled sheet
samples at aging temperatures of 120–210 ◦C (Figure 11) are close to the same aging curves
of the cast alloy samples (Figure 6). The YS, UTS, and El. after tensile tests of the aged
alloys sheets are collected in Table 9. A good combination of the YS of 280–312 MPa,
UTS of 413–470 MPa and elongation (9–17%) was achieved in the Cr doped alloys. The
natural aging of the Al2.5Zn2.5Mg2.5CuYCr provides the best combination of strength
and plasticity (YS = 300 MPa and El. = 17%). High strength and elongation were achieved
after aging at 210 ◦C, which demonstrates the excellent microstructure stability of the novel
alloys (Table 9).
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Table 9. Tensile properties of the rolled, quenched and aged alloys sheets.

State YS, MPa UTS, MPa El., %

Al2.5Zn2.5Mg2.5CuYCr

As rolled 455 ± 10 476 ± 4 3.2 ± 1.0
520 ◦C for 15 min/natural aging 300 ± 1 470 ± 10 17 ± 2

520 ◦C for 15 min/120 ◦C for 72 h 302 ± 1 437 ± 4 12 ± 2
520 ◦C for 15 min/150 ◦C for 24 h 295 ± 1 440 ± 5 16 ± 2
520 ◦C for 15 min/180 ◦C for 7 h 280 ± 2 422 ± 3 14 ± 0.2
520 ◦C for 15 min/210 ◦C for 2 h 300 ± 3 406 ± 5 9 ± 0.3

Al2.5Zn2.5Mg2.5CuErCr

As rolled 467 ± 10 490 ± 10 3.4 ± 0.8
520 ◦C for 15 min/natural aging 280 ± 5 454 ± 4 16 ± 1

520 ◦C for 15 min/120 ◦C for 72 h 312 ± 2 446 ± 1 15 ± 0.3
520 ◦C for 15 min/150 ◦C for 24 h 292 ± 2 439 ± 4 16.2 ± 0.2
520 ◦C for 15 min/180 ◦C for 7 h 293 ± 2 420 ± 3 14 ± 1.0
520 ◦C for 15 min/210 ◦C for 2 h 299 ± 3 414 ± 3 12.3 ± 0.5
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The novel alloys combine the improved casting properties of the cast A-Zn-Mg alloys,
good strength of the Al-Zn-Mg-Cu alloys, and improved heat resistance of the Al-Cu alloys.
The alloys can be classified as cast and wrought aluminum alloys. The cast alloy may be
suitable for the aerospace and automobile industry due to good strength at ambient and
elevated temperatures and corrosion resistance. The same application is possible as for
wrought alloy, due to the good strength and plasticity of the rolled sheets. In addition,
good casting properties predict a good weldability.

4. Conclusions

The effects of 0.2%Cr addition on the structure, phase composition, and mechanical
properties of the novel cast and wrought Al-2.5Zn-2.5Mg-2.5Cu-0.2Zr-Er(Y) alloys were
investigated in detail. Thermodynamic computation (TC) and scanning electron microscopy
were used to explain the phase composition of the alloy in the as-cast, solution treated, and
aged states.

1. Chromium is distributed between primary crystals (5.7–6.8%) and the aluminum
solid solution (0.2%). The primary crystals contain for the main part Al, Cr, Ti, Er(Y) with
additional dissolving of Zn, Mg, Cu.

2. The T phase completely dissolved, and the equilibrium phases fragmentized and
spheroidized after solution treatment at 520 ◦C. The experimental phase composition is
correlate with TC. The micron sized solidification origin phases (Al8Cu4Er(or Y) and Mg2Si)
and supersaturated (Al) with nano sized Al3(Zr,Ti) and E (Al18Mg3Cr2) precipitates are
presented in the microstructure of the novel alloys.

3. The nucleation of η (0.5%), S (0.4%), and T (8.8%) precipitates at 180 ◦C provide the
achieving of the maximum hardness of 135 HV in the Al2.5Zn2.5Mg2.5CuYCr alloy. The
tensile properties of the novel alloy are slightly lower than those of the referenced alloys,
and remain significantly higher than those of the commercial cast 771.0.

4. The corrosion potential of the novel alloy is similar to the Ecor of the referenced
alloy, but the corrosion current density is still significantly lower due to the formation of
E (Al18Mg3Cr2) precipitates and S phase precipitates of aging origin, in addition to the
T phase.

5. The lower proportion of recrystallized grains results in higher hardness in the
Cr-rich alloys compared to the referenced alloys due to the formation of E (Al18Mg3Cr2)
precipitates under the solution treatment.

6. High strength and elongation was achieved after aging at 210 ◦C, which demon-
strates the excellent microstructure stability of the novel alloys: YS = 299–300 MPa,
UTS = 406–414 MPa, and El. = 9–12.3%.

The novel alloys combine the improved casting properties of the cast A-Zn-Mg alloys, a
good strength of the Al-Zn-Mg-Cu alloys, and improved heat resistance of the Al-Cu alloys.
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