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Abstract

Applying the medium-entropy alloy (MEA) concept to Al alloys is considered a promising
approach to enhance their strength. However, achieving deformable Al-based MEA under
tensile stress has not been reported due to the presence of a substantial amount of intermetallic
compounds. Herein, we designed a novel AlZnCu MEA system and tailored its microstructure
using high-pressure torsion, resulting in a meaningful tensile ductility of ~4.3% coupled with
considerable tensile strength of ~462.5 MPa. The well-balanced tensile properties of the
AlZnCu MEA stem from the nano-lamellar structure arising from phase separation and
dispersion of discontinuous intermetallic compounds induced by the high-pressure torsion

process.

Keywords: Aluminum alloys, Medium-entropy alloys, Nanocrystalline structure, Mechanical

properties, Severe plastic deformation process

Impact statement

A deformable Al-based medium-entropy alloy under tensile stress was developed by a
combination of thermodynamic calculation-based alloy design and thermomechanical

processces.



Introduction

Aluminum alloys are attractive materials for diverse applications, such as automotive,
aerospace, transportation, and portable devices, due to their inherent advantages of lightweight,
specific strength, and corrosion resistance [1]. However, the low level of strength is the main
stumbling block for aluminum alloys as structural materials. Various strengthening methods
have been employed for aluminum alloys, such as solid solution strengthening, precipitation

strengthening, dispersion strengthening, and grain refinement.

Recently, a new concept in materials science has emerged, involving high- and
medium-entropy alloys (HEAs and MEAs), designed to improve mechanical properties [2].
HEAs and MEAs are designed to contain five or more metallic elements as principal elements,
typically in equimolar or near-equimolar ratios. Due to the high configurational entropy, HEAs
form single-phase solid solutions with substantial solid solution strengthening. Numerous
metallurgists have adopted the HEA concept to conventional alloys, such as Fe and Ti alloys
to improve diverse properties [3-6]. Al-based MEAs have also been attracting attention. For
example, AIMgZnCuSi, AICrCuMgSiZn, and AICuMgSiZnZr systems were considered
potential Al-based MEAs [7-10]. However, Zhang et al. added Zn and Cu to A15083, achieving
a higher yield strength [11]. Recently, Son et al. suggested a novel design strategy named the
‘reverse approach’, which involves the development of Alx(VCr)i00-x MEAsS, starting from the
Al-free V-Cr system [12].

Despite these advancements, the design of Al-based MEAs is still challenging due to
the limited solubility of alloying elements in the Al matrix [12]. Among the alloying elements,
Zn is one of the potential alloying elements due to its wide solubility in Al. Considering the
binary system, the Al-Zn binary system can form a single solid solution with up to 67 at% of
Zn [12,13]. Therefore, Zn can induce substantial solid solution strengthening in Al alloys.
Copper, the main alloying element in the Al 2xxx series, can provide a substantial increase in

strength and facilitate precipitation strengthening [14-16].

However, coarse and brittle precipitates can deteriorate the mechanical properties [5,9].
The fabrication of fine and distributed precipitates is one of the solutions for a good
combination of strength and ductility. It is troublesome to roll the alloy with a large amount of

precipitates for the refinement of the microstructure. However, high-pressure torsion (HPT),
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one of the severe plastic deformation (SPD) processes, can refine the microstructure without
the risk of cracking, while also promoting materials flow and fragmentation of intermetallic

compounds [17,18].

Herein, a novel AlZnCu MEA was designed and prepared by vacuum induction
melting. Subsequent processing steps involving the HPT process and heat treatment were
employed to precisely tailor the microstructure of the AIZnCu MEA. These procedures resulted
in the creation of nanocrystalline microstructures and the disruption of coarse dendrites during
the HPT process. As a result, balanced mechanical properties with high strength and ductility

were achieved in the A1ZnCu MEA under tensile stress.

Materials and methods

The AlsoZns0oCu20 MEA was fabricated using a vacuum induction melting machine
with mixtures of Al, Zn, and Cu elements, each possessing purity higher than 99.9%. The
resulting as-cast ingot was machined into disks with diameters of 10 mm and thickness of 1.5
mm. Subsequently, the HPT process was conducted on the disks under a pressure of 6 GPa for
5 turns at a rotational rate of 1 rpm. Subsequent annealing was performed at 350 °C for 3, 10,
and 60 mins within an Ar atmosphere, followed by water-quenching. The annealed samples

were denoted as A3, A10, and A60, respectively.

The equilibrium phase diagram of the alloy was calculated using Thermo-Calc
software with the SGTE database. Microstructural analyses were conducted by field emission-
scanning electron microscopy (FE-SEM, JEOL JSM-7100F) and a scanning transmission
electron microscope (STEM, JEM-2200FS). The elemental distribution of constituent phases
was examined with backscattered electron (BSE) and energy dispersive spectroscopy (EDS)

detectors equipped om FE-SEM and STEM.

Uniaxial tensile tests were conducted on dog-bone-shaped samples with gauge lengths
of 1.5 mm, thicknesses of 0.7 mm, and widths of 1.0 mm. A quasi-static strain rate of 107 s™!
was applied, and the digital image correlation (DIC) method was used to measure the precise
tensile strain. And, the compression tests were conducted on the cylinder-shaped specimen with

a diameter of 4 mm and height of 6 mm. Deformed microstructures and fracture surfaces were
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subsequently observed and analyzed using FE-SEM.

Results and discussion

The design of the AlZnCu MEA began with the Al-Zn binary diagram [13]. The
solubility of Zn in Al is 67 at%, which is a considerably high amount compared to those of
other candidate elements such as Mg, Si, Mn, Cr, Fe, and V [12]. The increment of solid
solution strengthening from the addition of alloying elements is one of the key advantages of
HEAs and MEAs. The solid solution strengthening can be calculated by the following

Fleischer’s equation [19]:

Aogs = Bix;*/?, (D)
B; = 0.0045G,;,(n} + 166,)%/2, (2)
M= TroshT (3)
o = L0cal @
5, = \azaal (5)

ai

where Aoy, is the amount of solid solution strengthening, and, £;, x;, n;, 6;, G;, and q;

are the solid solution strengthening coefficient, atomic fraction, shear modulus misfit, atomic

size misfit, shear modulus, and atomic size of element i, respectively (atomic size: 1.43 A for

Al, 1.33 A for Zn, and 1.28 A for Cu, and shear modulus: 26.0 GPa for Al, 41.9 GPa for Zn,
and 46.8 GPa for Cu [20]). As the amount of solid solution strengthening is proportional to the

amount of solute contents according to equation (1), the higher solubility of alloying elements
indicates higher solid solution strengthening. Therefore, Zn is an indispensable element in
designing Al-based MEAs. The [, is calculated to be 210.7 MPa from the higher shear
modulus and smaller atomic size of Zn compared to Al. The amount of Aoy, versus Zn
concentration is displayed in Fig. 1. The Aogg is calculated as 148.3 MPa at 50 at% of Zn. As
a result, Substantial solid solution strengthening was aimed for by mixing Al and Zn in equal

proportions.
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Figure 1. Solid solution strengthening induced by Zn addition to pure Al.

Copper, one of the most common elements in Al alloys, was introduced as a third
constituent [14-16]. By adding Cu, the formation of Al-Cu precipitates is induced, leading to
substantial precipitation strengthening in various Al alloys [21-23]. Furthermore, solid solution
strengthening could be derived from a higher concentration of solute atoms, atomic size misfit,
and modulus misfit [24]. Because Cu has a smaller atomic size than Al and Zn, with a higher
shear modulus than Al and Zn, the B, is calculated as 394.8 MPa [24], indicating significant

solid solution strengthening can be achieved by Cu alloying in Al-Zn.

Figure 2(a, b) exhibits the equilibrium phase diagram of the AIZnCu alloy system with
varying Cu contents. Without Cu, the AlZn alloy shows a wide FCC single-phase region.
Meanwhile, the intermetallic compounds are formed with increasing the contents of Cu. To
belong to the MEA regime based on a configuration entropy between 1.0R and 1.5R (R is the
gas constant), A1ZnCu alloys should contain Cu content over 14 at% [5]. And, to secure a two-
phase region for feasibility in subsequent thermomechanical processes, Cu contents should be
lower than 21.4% (Fig. 2(b)). Therefore, the nominal composition of AlsoZn4oCu20 MEA was
selected. Figure 2(c) displays the equilibrium phase diagram of Also-xZnxCuzo alloy, which
shows a miscibility gap. The miscibility gap leads to the phase separation of Al-rich and Zn-
rich phases, similar to the miscibility gap in the binary Al-Zn alloy. In binary Al-Zn alloys,



phase separation into Al-rich FCC and Zn-rich HCP phases is observed in Al-20Zn, Al-35Zn,
and Al-49Zn alloys [13]. The phase separation can form profuse phase boundaries, enhancing
mechanical properties [25,26]. To form profuse phase boundaries, the compositions of Al and
Zn were set equal. As a result, the final composition of the Als0Zn40Cu20 MEA has been
established. The phase fractions of constituent phases in the AlsoZn4oCu20 MEA at various
temperatures from 0 to 1000 °C are displayed in Fig. 2(d). Because the two-phase region
consisting of FCC and 1 phase ranges from 323 to 383 °C, 350 °C was selected as the annealing

temperature after the HPT process.
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Figure 2. (a) Equilibrium phase diagram of the AIZnCu alloy system with varying Cu contents,
(b) magnified phase diagram of the A1ZnCu alloy, (¢) phase diagram of the AlgoxZnxCuzo alloy

with varying Zn contents, and (d) phase fraction as a function of temperature from 0 to 1000 °C.

After casting and the HPT process, the constituent phases in the AlIZnCu MEA were

analyzed by XRD patterns (Fig. 3). The as-cast sample contains four phases of FCC, HCP,
7



AlCu, and Al2Cu phases. Unlike the thermodynamic calculations, the AlCu and Al.Cu
intermetallic compounds formed rather than the t phase. This discrepancy is attributed to the
preference for Al-Cu bonding, given that the mixing enthalpy of the Al-Cu pair is the lowest
value of -1 kJ/mol among the mixing enthalpy of others (Al-Zn: 1 kJ/mol and Zn-Cu: 1 kJ/mol)
[27].
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Figure 3. XRD patterns of the as-cast and as-HPT AlZnCu MEAs.

The distributions of phases and constituent elements in the AIZnCu MEA were
analyzed by the low and high magnification BSE images with the corresponding EDS maps in
Fig 4(a, b). In the as-cast microstructure, only three regions can be distinguished. The Al and
Cu-rich grey dendrites are assumed to be AICu intermetallic compounds, as expected in
Fig.2(b). The black and white phases in the inter-dendrite regions are expected to be Al-rich
FCC and Zn-rich HCP phases [13]. Because the melting temperatures of Al and Cu are higher
than that of Zn, the Al and Cu-rich dendrites solidified first during solidification. The priority
of solidification also suggests the formation of Al-Cu precipitates instead of the Alz4Cu40Zn20
phase [28]. And, the formation of Al, Cu-rich intermetallic compounds leaves the Al, Cu-lean
liquid in the inter-dendrite regions. It means the composition of liquid shifts to the right side in
Fig. 2(c), leading to the formation of the Zn-rich HCP phase. Therefore, the coarse HCP phase

solidified, and fine lamellar structures of FCC and HCP phases were formed in the nanoscale,
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as shown in Fig. 4(b).

The coarse dendrite structure can lead to the continuous propagation of cracks and
deteriorate the mechanical properties. To refine the microstructure, the HPT process was
conducted on the as-cast disks. While there is no difference in constituent phases before and
after the HPT process, the peak intensity of the Al>Cu phase decreased after the HPT process.
It is assumed that the Al2Cu phases were dissolved during the HPT process [29]. Severe friction
stress led to the fragmentation of precipitation and the increased interface energy of small
precipitates provided a driving force of dissolution [30]. In addition, the peaks of the FCC
phase were broadened due to grain refinement, lattice distortion, and stored strain induced by
the SPD process [31]. From the BSE images of the as-HPT sample in Fig. 4(c), it was observed
that the lamellar structures consisting of FCC and HCP phases were broken. Furthermore, the
dendrites were mixed with the FCC and HCP phases, remaining some AlCu-islands smaller
than 5 um (Fig. 4(d)). Because there are different shear strains in the HPT-processed disk, the

procedures of breakage and redistribution of AlCu dendrites can be investigated in Fig. S1.
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Figure 4. (a, c) Low and (b, d) high magnification SEM-BSE images of the (a, b) as-cast and
(c, d) as-HPT AlZnCu MEAs with EDS maps of Al, Zn, and Cu.

As-HPT microstructures generally show ultrahigh strength with a sacrifice of ductility
[31-33]. To mediate the strength and ductility, post-annealing was performed on the HPT-
processed AlZnCu MEAs. Figure 5 shows the XRD spectra and BSE images of the annealed
samples. After annealing, there was no difference in the constituent phases. However,
recrystallization and recovery of deformed phases happen, as indicated by the sharpened peaks
(Fig. 5(a)). The distributions of constituent phases are displayed in Fig. 5(b-d) and the phase
fractions of each phase obtained from Fig. 5(b-d) is summarized in Table 1. As the annealing
time increases, the phase fractions of AICu and total HCP phases steadily increase. Meanwhile,
the phase fraction of the FCC phase decreases from ~40.4 (A3), ~34.8 (A10), to ~32.4 (A60).
This microstructural evolution can be elucidated by the dissolution during the HPT process

[29,30]. The fragmentation and dissolution of intermetallic compounds during the HPT process
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result in the supersaturated FCC matrix [29,30]. And, the subsequent heat treatment can
decompose the supersaturated FCC phases forming additional HCP and AlCu phases.
Therefore, the phase fractions of AICu and HCP phases steadily increase, while the phase
fractions of FCC phase decrease. The other noticeable point is the selective grain growth during
annealing (Fig. 5(b-d)). As the annealing time increases from 3 to 60 min, the growth of HCP
and AICu phases is distinctly observed. The grain sizes of island HCP phases increase from
~0.70 (A3), ~1.06 (A10), to ~1.60 um (A60). The growth of AlCu phase proceeds more rapidly
(~0.73, ~1.50, and ~5.92 um for A3, A10, and A60, respectively). However, the FCC and HCP
phases in the lamellar structure still remain as nanocrystalline structures with grain sizes lower
than 200 nm. This is because the phase boundary in the lamellar structure acts as a strong
obstacle to grain growth [13,34]. Furthermore, the HCP and AlCu phases in the A60 sample
coarsened and became interconnected, while the HCP and AlCu phases in the A3 and A10

samples remained as islands surrounded by FCC and HCP lamellar structures.
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Figure 5. (a) XRD patterns of annealed A1ZnCu MEAs and SEM-BSE images with EDS maps
of Al, Zn, and Cu of (b) A3, (c) A10, and (d) A60.
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Table 1. Volume fractions of the constituent phases in the annealed AlZnCu MEAs.

HCP
vol% AlCu FCC
Island HCP Lamellar HCP Total HCP
A3 ~37.0 ~40.4 ~6.3 ~16.3 ~22.6
Al0 ~38.7 ~34.8 ~10.9 ~15.6 ~26.5
A60 ~39.8 ~32.4 ~10.6 ~17.2 ~27.8

To clarify the regional composition and crystal structures of constituent phases, TEM
analysis was conducted on the A10 sample (Fig. 6). The four phases were clarified based on
the elemental distribution in Fig 6(a). The overall and regional compositions in Fig. 6 are
summarized in Table 2. The overall Zn content slightly decreases compared to the nominal
composition due to Zn evaporation, attributed to its low melting point. In Fig. 6(a), the black
phase labeled ‘A’ mainly consists of the Al element with small amounts of Zn and Cu as solutes.
From the SAED pattern from region A (Fig. 6(b, f)), the Al-rich phase is confirmed to be an
FCC structure. Due to the small atomic sizes of Zn and Cu, the lattice parameter slightly shrinks
to ~4.03 A compared to 4.05 A of pure Al [35]. Meanwhile, the white regions are divided into
‘B’ and ‘C’. Region B is enriched in Zn, while region C is enriched in Al and Cu. Region B is
composed of 83 at%Zn, 15 at%Cu, and 2 at%Al. Based on the binary phase diagram of the Zn-
Cu system [36], the HCP structure is stable. The SAED in Fig. 6(g) exhibits of HCP phase with
a zone axis of [110]. The lattice parameter (a: 2.57 A and c: 4.78 A) obtained from the SAED
pattern also shrinks compared to those of pure Zn (a: 2.66 A and c: 4.95 A [37]), which is
affected by small Cu solutes. Region C, with higher Cu contents than region B, is assumed to
be the 6-Al2Cu phase (Fig. 6(d). Figure 6(h) displays the SAED patterns of Al2Cu related to
the [110] zone axes [38,39]. Also, the ratio of Al to Cu is almost 2, which supports that
intermetallic compounds are the 0-Al2Cu phase. The grey region D possesses the highest
amount of Cu, similar to the amount of Al. It is reported that AB-type transition metal
aluminides generally have a B2 structure [40]. Also, the SAED pattern obtained from region D
supports the BCC structures with [110] zone axis. While the AlCu phase exhibits B2 ordering
[41-43], there is no superlattice peak of the B2 phase in Fig. 6(i). This is because the addition

of Zn increases the mixing entropy, stabilizing the disordered structure. Also, the mixing
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enthalpies of Al-Zn and Zn-Cu are positive values, weakening the chemical ordering.
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Figure 6. (a) TEM micrographs of the A10 sample with the corresponding EDS maps of Al,
Zn, and Cu, (b-e) enlarged TEM images, and (f-i) SAED patterns obtained from (b-e),
respectively. The SAED patterns were obtained from the labeled phase in TEM images (A: Al-
rich FCC, B: Zn-rich HCP, C: 6-Al2Cu, and D: AlCu).
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Table 2. Overall and regional compositions of the A1ZnCu MEA as determined from the image
in Fig. 6(a).

Atomic percent, at%

Al Zn Cu
overall 43.2+0.2 36.0+£0.9 20.8+0.7
FCC (A) 96.2+0.1 05+0.1 3.3+0.3
HCP (B) 20+£0.1 83.0+£0.1 15.0+£0.3
0-Al,Cu (C) 61.6+04 34+22 35.0+1.7
AlCu (D) 53.0+0.7 57+0.3 41.3+0.9

The AlZnCu MEA possesses the Al-rich FCC, Zn-rich HCP, AICu BCC, and Al.Cu
phases. The complicated microstructure provides profuse phase boundaries, which can
contribute to strengths significantly. Furthermore, the phase separation of FCC and HCP phases
induced by a miscibility gap forms nanocrystalline microstructures and effectively suppresses

grain growth, which preserves mechanical properties during the annealing [44].

To evaluate the mechanical properties of AlZnCu MEAs, tensile tests were performed
on the cast and annealed AIZnCu MEA (Fig. 7(a)). Under tensile stress, the as-cast sample
shows a catastrophic fracture before yielding. However, the cast sample can withstand tensile
stress up to 357.0 + 5.1 MPa, which is noticeable considering that the yield strength (YS) of Al
alloys varies from 100 to 650 MPa [1,45-47]. After the HPT process and subsequent annealing,
the maximum stress increases due to the fine lamellar structures and well-distributed
intermetallic compounds. Furthermore, the A3 and A10 samples show plastic deformation after
yielding. The plastic deformation in the A3 sample is negligible with a total elongation of 1.3
+ 0.2%. However, the YS of the A3 sample rises to 360.5 + 12.4 MPa. Meanwhile, the A10
sample definitely exhibits plastic deformation up to a total elongation of 4.3 + 0.7% and
achieves the highest YS of 408.7 £+ 16.2 MPa and ultimate tensile strength of 462.5 +25.1 MPa.
The Vickers hardness of AlCu intermetallic compounds is ~411 Hv, which is much higher than
those of Al (~48 Hv) and Zn (~43 Hv) [48-50]. Although the grain size of constituent phases
grows during annealing, the A10 exhibits the highest YS due to the higher amount of hard AlCu
phase (Table 1). However, brittle fracture happens again in the stress-strain curve of the A60

sample.
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Figure 7. Engineering stress-strain curves of the as-cast, A3, A10, and A60 samples.

To describe the tensile behavior of AIZnCu MEAs, SEM analysis on the fracture
surface of the deformed A10 sample was conducted. The overall fracture surface in Fig. 8(a) is
composed of small facets due to the nanoscale grain size of the A10 sample. When the fracture
surface is magnified in Fig. 8(b), the fracture morphologies of both ductile and brittle fractures
are observed. First, the smooth surface indicated by the blue arrow exhibits river patterns,
which is obvious evidence of brittle fracture [26]. The brittle fracture occurs in the Al Cu
intermetallic compounds due to its lack of ductility. Meanwhile, the lamellar structures
positioned between AlCu phase are indicated by the black arrows, which shows the ductile
dimple fracture. According to the microstructural evolution and fracture morphologies, the hard
AlCu phases contribute to the high YS and the ductile lamellar structures preserve the ductility
of AlZnCu MEAs.
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Figure 8. Fracture surfaces of the fractured A10 sample with (a) low magnification and (b)
high magnification. The black and blue arrows indicate the fracture morphologies of dimples

and river patterns, respectively.

Furthermore, longitudinal sections of the fractured samples were observed to show the
propagation of cracks in the AlZnCu MEAs with different process conditions. Figure 9(a)
shows the fractured as-cast sample. In the as-cast sample, the crack indicated by a red arrow
initiates at the brittle AlCu phase and easily propagates along to coarse AlICu dendrite structure
[51,52]. Meanwhile, the AlCu phase in the A3 samples becomes smaller during the HPT and
annealing process. In Fig. 9(b), the cracks in the A3 samples proceed through the fragmentation
of the AlICu phase and phase interfaces. Due to nanostructures in the A3 sample, the crack
severely detours. However, the annealing time of 3 min is not enough to recover the
deformation from the HPT process. The deformed HCP phase and lamellar structure cannot
withstand substantial tensile deformation, which leads to a small elongation of ~1.3%. The A10
sample shows the largest elongation, which stems from the recovery of FCC and HCP phases
and the fine AlCu phases. The recovered FCC and HCP phases of the A10 sample can withstand
deformation, leading to crack tip blunting and delaying the crack propagation [53]. Also, the
lamellar structure of AIZnCu MEAs effectively blocks crack propagation. In Fig. 9(c), the
yellow arrows indicate cracks arrested by ductile lamellar structures, leading to an enhanced
elongation of ~4.3% [54,55]. In contrast, the elongation of the A60 sample catastrophically
decreases. This is because the overgrown AlCu phases in the A60 sample offer a continuous

path for crack propagation, as indicated by the red arrow in Fig. 9(d).
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Figure 9. Longitudinal sections of the fractured A1ZnCu MEAs: (a) as-cast, (b) A3, (c) A10,
and (d) A60 samples.

The combination of strength and ductility in Al1ZnCu MEAs is remarkable, Particularly
considering that deformable Al-based MEAs under tensile stress have not been reported yet.
Although tensile properties were previously obtained from modified 5083 alloys, the
configurational entropy calculated from the overall composition of these modified 5083 alloys
ranged from 0.47R to 0.48R [11]. Therefore, the tensile properties of AlZnCu MEAs represent
a cornerstone in deformable Al-based MEA under tensile testing. To compare the mechanical
properties of AlZnCu MEA to the AI-MEAs reported in previous studies [7-10], the
compressive mechanical properties of the as-cast sample are investigated. The compressive
stress-strain curves are displayed in the supplementary file (Fig. S2), which shows a YS of

~487.9 MPa, compressive strength of ~672.2 MPa, and compressive ductility of 9.7% until
18



fracture. Excluding the strain softening region, the compressive ductility is ~3.5%. Figure 10(a)
summarizes the compressive mechanical properties of AI-MEAs. The as-cast AIZnCu MEA
surpasses the compressive strength level of AI-MEAs with a reasonable compressive ductility.
Furthermore, the tensile properties of AIZnCu MEA are compared to those of Al 2xxx alloy
series (Fig. 10(b)) [56-61]. Due to a large amount of intermetallic compounds, the AlZnCu
MEA shows a lack of ductility compared to the Al 2xxx alloy series. However, the UTS

achieved in the present study is comparable with the conventional Al alloys.

(a) Compressive mechanical properties (b) Tensile mechanical properties
vs. previous AI-MEAs vs. Al 2xxx series
700 T T T T r T
Present study iz Present study
- ) o J 4
= (AIZnCu MEA) S 5907 A1ZnCu MEA)
= B> - % o
=i o o = o A
<, 600 - 5 400- o = ;
g v ° 2 X
= q O AlLiMgZns 7 v
@ o .-\lsa‘s Sil;‘]lniiui 5Cud.58il @ 3004 A .
5;' A Alescus 55115705 "] O Al2014 a
-2 500 Al65C issilszns = A2017
7] A g AI70CTSCuSMg58i10Zns z A A0 a
= AI70CuSMg5SMnS8i10Zn5 o 2004 12025 O N
=N P> AI70CuSMgSSi10ZnsZrs = bd e
g <] Al70Znl0Mg10CusSis g < AR219
8 400 ¥ Present study = 100 ¢ Present study
0 2 4 6 8 = 0 5 10 15 20 25
Compressive ductility, % Total elongation, %

Figure 10. Comparison of (a) compressive mechanical properties versus the other Al-MEAs
reported in the previous studies [7-10] and (b) tensile mechanical properties versus the Al-Cu

2xxx alloy series [56-61].

Conclusions

In this work, a new AlZnCu MEA was designed, and tensile mechanical properties were
obtained by tailoring thermomechanical processes. The key findings and conclusions are

summarized as follows:

1. The new Al40Zn40Cu20 MEA was designed based on thermodynamic calculations to
possess the multi-phase structure, comprising Al-rich FCC and Zn-rich HCP lamellar

structures, with AlCu intermetallic compounds serving as reinforcement materials.
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2. The as-cast AlZnCu MEA exhibits brittle fracture, primarily due to coarse AlCu
dendrites. However, the HPT process mechanically redistributes the constituent phases
on a nanoscale, and subsequent annealing recovers the microstructures. The annealed
sample shows ductility of ~4.3% and strength of ~462.5 MPa under tensile stress,

achieved by refining the AlCu phases and recovering the deformed microstructure.

The findings of this study on AlZnCu MEA and its thermomechanical processing represent a
significant advancement in the field, offering new possibilities for deformable Al-based MEAs.
This work may serve as a pivotal milestone in the development of future Al-based MEAs with

enhanced tensile properties and opens up new avenues for exploration in this area.
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