
metals

Article

Novel Co-Cu-Based Immiscible Medium-Entropy Alloys with
Promising Mechanical Properties

Sujung Son 1, Jongun Moon 1,*, Hyeonseok Kwon 1, Peyman Asghari Rad 1, Hidemi Kato 2 and
Hyoung Seop Kim 1,2,3,*

����������
�������

Citation: Son, S.; Moon, J.; Kwon, H.;

Asghari Rad, P.; Kato, H.; Kim, H.S.

Novel Co-Cu-Based Immiscible

Medium-Entropy Alloys with

Promising Mechanical Properties.

Metals 2021, 11, 238. https://

doi.org/10.3390/met11020238

Academic Editor: Sergey

V. Zherebtsov

Received: 6 January 2021

Accepted: 22 January 2021

Published: 1 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Materials Science and Engineering, Pohang University of Science and Technology (POSTECH),
Pohang 37673, Korea; sjson@postech.ac.kr (S.S.); hyunsug007@postech.ac.kr (H.K.);
asghari90@postech.ac.kr (P.A.R.)

2 Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan; hikato@imr.tohoku.ac.jp
3 Graduate Institute for Ferrous Technology, Pohang University of Science and Technology (POSTECH),

Pohang 37673, Korea
* Correspondence: moonj6513@postech.ac.kr (J.M.); hskim@postech.ac.kr (H.S.K.); Tel.: +82-54-279-5413 (J.M.);

+82-54-279-2150 (H.S.K.); Fax: +82-54-279-3150 (J.M. & H.S.K.)

Abstract: New AlxCo50−xCu50−xMnx (x = 2.5, 10, and 15 atomic %, at%) immiscible medium-entropy
alloys (IMMEAs) were designed based on the cobalt-copper binary system. Aluminum, a strong B2
phase former, was added to enhance yield strength and ultimate tensile strength, while manganese
was added for additional solid solution strengthening. In this work, the microstructural evolution and
mechanical properties of the designed Al-Co-Cu-Mn system are examined. The alloys exhibit phase
separation into dual face-centered cubic (FCC) phases due to the miscibility gap of the cobalt-copper
binary system with the formation of CoAl-rich B2 phases. The hard B2 phases significantly contribute
to the strength of the alloys, whereas the dual FCC phases contribute to elongation mitigating brittle
fracture. Consequently, analysis of the Al-Co-Cu-Mn B2-strengthened IMMEAs suggest that the new
alloy design methodology results in a good combination of strength and ductility.

Keywords: medium-entropy alloy; alloy design; multiphase; miscibility gap; mechanical properties

1. Introduction

High-entropy alloys (HEAs) and medium-entropy alloys (MEAs) are composed of
multi-principal elements with equiatomic or near-equiatomic compositions [1]. According
to the concept of HEAs, alloys can be categorized based on configurational entropy (∆Scon f )
as HEAs, MEAs, and low-entropy alloys (LEAs), as follows [2]:

1.5R ≤ ∆Scon f (HEAs), (1)

1.0R ≤ ∆Scon f ≤ 1.5R (MEAs), (2)

∆Scon f ≤ 1.0R (LEAs), (3)

where R is a gas constant. Over the past two decades, HEAs and MEAs have been attracting
huge attention because of their potential to design numerous alloy systems [3] and their
superior properties, e.g., high strength induced by solid solution strengthening [4,5],
excellent fracture toughness at a cryogenic temperature [6], and irradiation resistance [7].

Furthermore, it is interesting to note that there are countless undiscovered HEAs and
MEAs due to their high degree of freedom in alloy design. The initial concept of HEAs is
defined as a single phase with equiatomic or near-equiatomic compositions [1]. However,
the range of alloy design in HEA/MEAs has been expanded to non-equiatomic and/or
multiphase alloys [8–21]. Recently developed ferrous MEAs are representative types of
non-equiatomic MEAs [8], which utilize phase metastability, resulting in transformation-
induced plasticity. Meanwhile, the design of multiphase HEAs/MEAs to enhance yield
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strength (YS) is widely adopted through precipitation [9–14], martensitic transforma-
tion [10,15,16], and eutectic reaction [17–21]. In particular, many research groups focus
on heterogeneous HEAs developed by the formation of multiple domains using hetero-
geneities in composition [22,23], grain size [24,25], and crystal structure [17–19,26]. Huge
plastic incompatibility between hard and soft domains in heterogeneous microstructure
leads to hetero-deformation induced (HDI) strengthening [27], which offers additional
work hardening in addition to conventional strengthening mechanisms [27–29].

Recently, Moon et al. suggested a new strategy for designing “immiscible MEAs
(IMMEAs)” utilizing a miscibility gap in the Cu-Fe binary system [26]. The miscibility
gap is originated from the positive enthalpy of mixing and induces phase separation
during cooling in diverse binary systems, e.g., Cu-Fe, Cu-Co, Fe-Mg, Cu-Cr, and Cu-Pb
binary systems [30]. As a representative of IMMEAs, Alx(CuFeMn)100−x (x = 0, 7.5, and
15 at%) alloys show phase separation based on the immiscible nature of the Cu-Fe binary
system. These alloys exhibit outstanding mechanical properties originated from synergetic
strengthening of solid solution strengthening, HDI strengthening at phase boundaries,
and partially recrystallized microstructures. Notably, the design strategy of IMMEAs
is expected to highly expand alloy design windows and, thus, the exploration of new
immiscible alloy systems is promising.

In this work, we suggest novel Al-Co-Cu-Mn MEAs based on a Co-Cu binary system
utilizing the concept of IMMEAs. The Co-Cu binary system is selected because the Co-Cu
binary system shows a broad miscibility gap through wide ranges of composition and
temperature, as in the Cu-Fe binary system. Therefore, the AlxCo50−xCu50−xMnx (x = 2.5,
10, 15 at%) alloys were designed, referred to as the 2.5Al, 10Al, and 15Al alloys according
to the atomic percent of Al. The microstructural evolution and mechanical properties of the
alloys are comprehensively examined to demonstrate the concept of the IMMEA design.

2. Materials and Methods

Ingots of Al2.5Co47.5Cu47.5Mn2.5, Al10Co40Cu40Mn10, and Al15Co35Cu35Mn15 (at%)
were cast using vacuum induction melting equipment (MC100V, Indutherm, Walzbachtal-
Wossingen, Germany). The elements used for casting had a purity higher than 99.9%. The
as-cast ingots were homogenized at 800 ◦C for 12 h in an argon atmosphere, followed by
water quenching. To escape the possible difference in microstructures with positions where
the samples were obtained, all samples for microstructural analyses and mechanical testing
were obtained from the center of the homogenized ingots.

The samples for microstructural analyses were mechanically polished using silicon
carbide papers of 600, 800, and 1200 grits, and finished with polishing by diamond sus-
pensions of 3 and 1 µm. The crystal structures of the constituent phases of the alloys
were identified using X-ray diffraction (XRD; D/MAX-2500, Rigaku, Tokyo, Japan) with
Cu Kα radiation and a step size of 2 ◦/min. The composition and distribution of phases
were carefully investigated using a field emission-scanning electron microscopy (FE-SEM;
JSM-7100F; JEOL, Tokyo, Japan and XL30S FEG; Philips, Eindhoven, The Netherlands)
equipped with back-scattered electron (BSE) and energy dispersive spectroscopy (EDS)
detectors. The fraction of the constituent phases was evaluated using an image analyzer
software (ImageJ software, National Institutes of Health, New York, NY, USA) at least three
times for reliability. Electron backscatter diffraction (EBSD) analysis was conducted with a
TSL EBSD system and interpreted with orientation imaging microscopy (OIM) collection
software (TSL OIM Analysis 7, EDAX, Mahwah, NJ, USA).

Tensile tests were conducted using a universal testing machine (Instron 1361, Instron
Co., Norwood, MA, USA) at room temperature. A precise engineering strain was obtained
using the digital image correlation system (ARAMIS 12M; GOM, Braunschweig, Germany).
The dimensions of dog-bone shaped samples were a gauge length of 1.5 mm, a width of
1.0 mm, and a thickness of 0.9 mm. Tensile tests were conducted at a quasi-static strain rate
of 10−3 s−1 and were repeated at least three times for reproducibility. Loading-unloading-
reloading (LUR) tests were performed using Instron1361. The same sample dimensions
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and strain rate as the tensile tests were used for the LUR test. During the LUR tests, loading
and unloading were repeated during deformation.

After the tensile tests, the fracture surfaces and longitudinal sections of the fractured
samples were investigated using FE-SEM to understand the fracture mechanisms.

Thermo-Calc software and its upgraded version with thermodynamic database TCFE2000
were used to calculate the equilibrium phase diagrams from 400 to 1400 ◦C [31–33].

3. Results
3.1. Microstructures of the Al-Co-Cu-Mn IMMEAs

The design of the Al-Co-Cu-Mn alloys is targeting the B2-strengthened IMMEAs based
on an immiscible Co-Cu binary system. As shown in the miscibility gap of the Co-Cu
binary system in Figure 1a, Co and Cu have an immiscible nature, which divides Co-rich
and Cu-rich phases over wide ranges of temperature and composition.
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(c) 10Al, and (d) 15Al alloys.

For precipitation strengthening, aluminum as an alloying element was selected. Alu-
minum is a strong B2 former in Co-Al alloy [34] and changes the crystal structure of the
Cu-rich phase from FCC to B2-ordered body-centered cubic (BCC) [35]. Manganese was
selected as an alloying element for additional solid solution strengthening because of its
broad range of solubility to Co- and Cu-matrix [36]. Based on the aforementioned con-
cept, we designed the AlxCo50−xCu50−xMnx (x = 2.5, 10, 15 at%) alloys to understand the
microstructural evolution according to the contents of Al. Figure 1b–d are the calculated
phase fraction versus temperature in the 2.5Al, 10Al, and 15Al alloys using the commercial
program Thermo-Calc. As the contents of Al increases, the temperature range forming
the B2 phase expands; thus, the phase fraction of the B2 phase is expected to increase. To
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induce precipitation of the B2 phase to strengthen the alloys, we homogenized these alloys
at 800 ◦C.

The XRD patterns of the homogenized 2.5Al, 10Al, and 15Al alloys are shown in
Figure 2. The 2.5Al alloy with the smallest contents of Al and Mn exhibits dual FCC crystal
structures, Co-rich FCC and Cu-rich FCC. In the 10Al and 15Al alloys, however, the peaks
of the B2 phase appear as the Al and Mn contents increase. Therefore, the 10Al and 15Al
alloys contain triple phases in their microstructure. According to the thermodynamic
calculation (Figure 1b–d), the fraction of the B2 phase grows by consuming the fraction of
Co-rich FCC because the present B2 phase is an Al-Co-ordered phase. Hence, the decline
in the Co-rich FCC peaks is clearly observed in the XRD pattern of the 15Al alloy.
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Figure 2. X-ray diffraction (XRD) patterns of the present alloys.

Figure 3 shows BSE images with EDS elemental maps for Al, Co, Cu, and Mn in the
alloys. The dendritic Co-rich FCC and inter-dendritic Cu-rich FCC can be observed in
Figure 3a. The Al and Mn are evenly distributed to dual FCC domains in the 2.5Al alloy.
However, the B2 phases are formed in the 10Al and 15Al alloys, as shown in Figure 3b,c. It
is noted that some nano-scale black dots, which are clarified as AlMn-rich oxide formed
during casting, are also observed in the 2.5Al alloy (Figure 3d). Notably, the shape of the
B2 phase is a needle-like precipitate in the 10Al alloy, while the dendritic microstructure of
B2 is observed in the 15Al alloy. Most of the needle-shaped B2 precipitates in the 10Al alloy
can be observed only inside the Cu-rich region (Figure 3b). From the EDS maps, the Al and
Co are enriched in the B2 phase, indicating the B2 phase is Co-Al-ordered B2. Although
the 15Al alloy contains a large amount of B2 phase, some Co-rich FCC phases remain,
as shown in Figure 3c. The chemical composition and configurational entropy (∆Smix)
of the constituent phases are given in Table 1. Mn contents in the Co-rich and Cu-rich
domains increase with adding Mn into the alloys; however, the Al contents in the dual
domains slightly decrease in the 15Al alloys accompanied by the formation of the B2 phase.
Moreover, more Al and Mn are dissolved in the Co-rich FCC than in the Cu-rich FCC. The
configurational entropy values of both Co-rich and Cu-rich FCC phases gradually increase
with the addition of Al and Mn, leading to a mixture of the Co-rich medium-entropy phase
(1.02R) and Cu-rich low-entropy phase (0.83R) in the 15Al alloy.

The fractions of the constituent phases evaluated by image analyzer software and
thermodynamic calculation are given in Table 2. The phase fractions of the B2 phase were
determined to be 15.33± 0.47% and 42.90± 0.99% in the 10Al and 15Al alloys, respectively,
showing good consistency with thermodynamic calculations.
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Table 1. The averaged chemical compositions with standard deviations and configurational entropy of the dual FCC and B2
phases in the 2.5Al, 10Al, and 15Al alloys obtained by EDS.

Alloys Phases
Chemical Composition, at%

∆Smix
Al Co Cu Mn

2.5Al

Overall 2.95 ± 0.15 47.90 ± 0.50 46.30 ± 0.70 2.85 ± 0.05 -

Co-rich FCC 2.85 ± 0.15 78.85 ± 4.55 15.50 ± 4.80 2.80 ± 0.10 0.68R

Cu-rich FCC 1.55 ± 0.05 10.15 ± 0.25 86.05 ± 0.15 2.25 ± 0.05 0.51R

10Al

Overall 11.50 ± 0.40 39.60 ± 0.10 38.30 ± 0.20 10.55 ± 0.05 -

Co-rich FCC 7.40 ± 0.10 64.50 ± 1.30 15.90 ± 1.60 12.20 ± 0.20 1.02R

Cu-rich FCC 3.55 ± 0.05 10.20 ± 0.50 79.20 ± 0.50 7.05 ± 0.05 0.72R

B2 26.95 ± 0.15 57.60 ± 0.10 2.55 ± 0.05 12.90 ± 0.20 1.03R

15Al

Overall 16.15 ± 2.05 35.05 ± 0.30 33.50 ± 2.50 15.30 ± 0.30 -

Co-rich FCC 5.65 ± 0.15 63.90 ± 0.40 12.35 ± 0.65 18.10 ± 0.10 1.02R

Cu-rich FCC 3.25 ± 0.25 13.00 ± 2.30 72.60 ± 1.80 11.15 ± 0.25 0.85R

B2 23.85 ± 0.15 56.05 ± 0.05 3.25 ± 0.25 16.85 ± 0.35 1.08R

Table 2. The calculated fractions based on Thermo-Calc software and actual phase fraction of Co-rich
FCC, Cu-rich FCC, and B2 in the present alloys.

Alloys Phase Fractions Co-Rich FCC, % Cu-Rich FCC, % B2, %

2.5Al
Calculated 50.27 49.73 -

Actual 52.57 ± 1.15 47.43 ± 1.15 -

10Al
Calculated 39.64 40.85 19.51

Actual 44.57 ± 0.26 40.10 ± 0.55 15.33 ± 0.47

15Al
Calculated 18.86 37.81 43.33

Actual 17.47 ± 2.28 39.63 ± 1.36 42.90 ± 0.99

The inverse pole figure (IPF) and phase maps of the alloys are shown in Figure 4.
The 2.5Al alloy shows dual FCC dendrites, which have highly coherent grain orientation
relations because of the same solidification direction during cooling (Figure 4a,b). As
the Al content increases, the 10Al and 15Al alloys show additional B2 phases with dual
FCC domains (Figure 4c–f). The needle-shaped B2 phases are sprinkled in the 10Al alloy
(Figure 4c,d), while the dendritic B2 phases exist in the 15Al alloy (Figure 4e,f). The
length and width of the needle-shaped B2 precipitates in the 10Al alloy are 1.58 ± 0.68 µm
and 0.33 ± 0.15µm, respectively, while the size of the dendritic B2 in the 15Al alloy is
10.40 ± 3.81 µm.

3.2. Mechanical Properties of the Al-Co-Cu-Mn IMMEAs

The tensile properties and strain hardening rates (SHRs) of the homogenized alloys
are presented in Figure 5a–c. With the addition of Al and Mn, the YS and ultimate
tensile strength (UTS) of the 2.5Al, 10Al, and 15Al alloys increases from 252.8 ± 9.8 and
437.7 ± 12.3 MPa (2.5Al) to 376.2 ± 25.7 and 610.6 ± 44.3 MPa (10Al), and 546.3 ± 19.0 and
760.8 ± 12.9 MPa (15Al), respectively. Simultaneously, the total elongation decreases from
65.9 ± 7.9% to 9.1 ± 0.3%. The formation of B2 phases enhances YS and UTS; however, it
deteriorates the elongation. The SHR of the alloys improves with the addition of Al and Mn
(Figure 5c). Notably, the 15Al exhibits higher SHR compared to the 2.5Al and 10Al alloys.
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To elucidate the difference in SHR values of the present alloys, the HDI stress was
measured using the LUR test (Figure 6a). The HDI stress was calculated from the average
stress of unloading yield stress and reloading yield stress, using the following equation [28]:

σHDI =
σu + σr

2
(4)

where σHDI, σu, and σr are the HDI stress, unloading yield stress, and reloading yield
stress, respectively. The unloading and reloading stress are defined as the points which
have a 10% reduction in slope from effective elastic modulus. The effective stress can be
determined as follows [28]:

σeffective = σflow − σHDI (5)

where σeffective and σflow are the effective stress and flow stress, respectively.
The measured effective and HDI stresses of the 2.5Al alloy are 125–250 MPa and

158–327 MPa, respectively (Figure 6b). With the increase in Al content, the HDI stress values
of the alloys become higher. The HDI stress substantially enhances from 308–500 MPa in the
10Al alloy to 340–460 MPa in the 15Al alloy. The 2.5Al alloy maintains HDI stress similar to
effective stress during deformation, while the 10Al and 15Al alloys show much higher HDI
stress than their corresponding effective stress.
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3.3. Fractography

The fracture surface and the longitudinal section of the fractured samples are presented
in Figure 7. It can be seen that the 2.5Al and 10Al alloys show ductile fractures. The fracture
surfaces of the 2.5Al and 10Al alloys consist of numerous dimples resulted from the ductile
rupture of dual FCC, as shown in Figure 7a,b. The dimple size and depth are much smaller
in the 10Al alloy than in the 2.5Al alloy. In Figure 7c, the 15Al alloy shows a ductile fracture
mode with a brittle fracture in the B2 phase. The magnified longitudinal sections of the
fractured samples are shown in Figure 7d–f. Decohesion along the phase boundary is
observed in the 2.5Al alloy (Figure 7d), while the brittle fracture modes of the B2 phases
are observed in the 10Al and 15Al alloys (Figure 7e,f).
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4. Discussion

The purpose of this study is to introduce a new IMMEA design using the immiscible
nature of the Co-Cu binary system. We investigated the microstructural evolution and
mechanical properties of the designed alloys. The binary Co-Cu alloy was expected to
have dual FCC phases (Figure 1a). Therefore, an additional strengthening mechanism was
applied to the Co-Cu-based IMMEA through the formation of the B2 phase by adding Al.

The thermodynamic calculation supports the formation of the B2 phase in the designed
Al-Co-Cu-Mn system. From the microstructural analysis, the formation of the B2 phase
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has been demonstrated in the 10Al and 15Al alloys (Figures 2–4). The B2 formation
can be rationalized by the lattice distortion energy. Since the Al atom is larger than the
other elements [37], Al addition stabilizes the BCC structure, which has a lower atomic
packing density than the FCC structure [38]. Notably, the mixing enthalpy of the Co-Al
pair is −19 kJ/mol, indicating that its ordering tendency is stronger than that of other
combinations of pairs in the Al-Co-Cu-Mn system [39–41], resulting in the formation of an
Al-Co-ordered B2 phase [38].

The hard B2 phases are absent in the 2.5Al alloy, while they are formed in the 10Al
and 15Al alloys with considerable fractions of 14.75% and 42.90%, respectively (Figure 3
and Table 2). The shape and distribution of the B2 phases are totally different between
the 10Al and 15Al alloys. The needle-shaped B2 phases are finely distributed in the
10Al alloy, while dendritic B2 phases are observed in the 15Al alloy. The solidification
temperature of the B2 phase becomes higher as the Al and Mn contents in the alloys
increase, according to the thermodynamic calculation (Figure 1c,d). In the 15Al alloy, the B2
phases are solidified at first during the casting process; thus, the B2 phases have a dendritic
microstructure, and dual FCC are formed in the inter-dendritic microstructure. Meanwhile,
the dual FCC phases in the 2.5Al and 10Al alloys also show dendritic and inter-dendritic
microstructures. It should be noted that spherical morphologies are observed in the
microstructure that underwent liquid-liquid phase separation [42]. However, the present
Al-Co-Cu-Mn alloys exhibit typical dendritic and inter-dendritic microstructures, meaning
that the resulting microstructure is not a footprint of the liquid-liquid phase separation
during casting. It should also be noted that the spherical FCC precipitates are formed inside
the B2 dendrites. The formation of FCC precipitates may be associated with the super-
saturated solid solutions of Co and Cu in the B2 phase at high temperatures. During cooling
to room temperature, the dual FCC phases are precipitated in B2 dendrites due to the
decreased solubility with lowering temperature [26]. These FCC precipitates are coarsened
to spherical precipitates during homogenization [43]. On the other hand, the B2 phase in
the 10Al alloy exists as a precipitate in the FCC matrix because the temperature of the B2
formation is lower than that of the Co-rich FCC phase. The compositional segregation of Al
and Mn in the Co-rich and Cu-rich phases can be elucidated by the relatively high mixing
enthalpy of Al-Cu and Cu-Mn pairs compared to that of Al-Co and Co-Mn pairs [40]. It
appears as the selective dissolution of Al and Mn in Co, which stabilizes the Cu-rich FCC
instead of Cu-rich BCC/L21 observed in the Al-Cu-Fe-Mn IMMEAs [26]. In addition, the
needle-shaped B2 precipitates of the 10Al alloy are mostly formed in the Cu-rich region
due to the high mixing enthalpy of Al-Cu and Co-Cu pairs. [40].

The representative strengthening mechanisms (∆σy) of the present alloys can be
expressed by

∆σy = ∆σSS + ∆σPPT + ∆σHDI (6)

where ∆σSS, ∆σPPT, and ∆σHDI are the strengthening by solid solution, precipitation, and
hetero-deformation, respectively. The solid solution strengthening of the present alloys is
generated from lattice distortion caused by the larger Al atom [37,38]. Moreover, the hard
B2 precipitates in the 10Al alloy contribute to the increased YS by precipitation strength-
ening. The precipitation strengthening (∆σPPT) induced by needle-shaped precipitates is
calculated, as follows [44]:

∆σPPT = 2βGbM
(

f
2π

)1/2 1
rm

(7)

where β is the constant (0.5), G is the shear modulus (53 GPa), b is the Burgers vector
(0.257 nm), M is the Taylor factor (3.06 for FCC), f is the fraction of precipitates (14.75%),
and rm is the mean radius of precipitates. In the 10Al alloy, the needle-shaped precipitates
are assumed to be only on the Cu-rich domain, as observed in Figure 3b. The shear modulus
of the Cu-rich phase in the 10Al alloy is determined by the rule of mixtures involving the
constituent elements in Table 1 [45–47]. The lattice parameters of the Cu-rich phase in the
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10Al (0.363 nm) and 15Al (0.365 nm) alloys were obtained from the XRD measurement
in Figure 2. The Burgers vectors along the <110> direction of the Cu-rich FCC phase in
the 10Al and 15Al alloys were calculated from the lattice parameters. The effective mean
radius of a needle-shaped rm is described by [48]:

rm =
3

√
3δ

4π
w, (8)

δ =
l
w

, (9)

where l and w are the length (1.58 µm) and width (0.33 µm) of precipitates, respectively.
Combining Equations (7) and (8), the ∆σPPT can be calculated to be ~19 MPa. Meanwhile,
the B2 and Cu-rich FCC phases in the 15Al alloy are revealed as dendritic and inter-
dendritic microstructures. If we assume the dendritic B2 precipitates as an equiaxed
precipitate, the contribution of precipitation strengthening in the 15Al alloy is quantified,
as follows [10]:

∆σPPT = M
0.4Gb

πλ

ln
(

2r
b

)
√

1− v
, (10)

λ = 2r
(√

π

4 f
− 1
)

, (11)

r =
d
2

√
2
3

, (12)

where G and b are the shear modulus (55 GPa) and Burgers vector (0.258 nm) of Cu-rich
FCC in the 15Al alloy, respectively. v is the Poisson’s ratio (assumed to be 0.3), f is the
fraction of B2 precipitates (42.90%), and d is the grain size of the B2 phases (10.40 µm).
From Equations (10)–(12), the ∆σPPT of the 15Al alloy is calculated as ~23 MPa. Hence, the
conventional precipitation strengthening cannot describe the whole increments of yield
strength in the 10Al and 15Al alloys. The additional strengthening mechanism of the
10Al and 15Al alloys is associated with the co-existing hard B2 and soft FCC domains,
resulting in HDI strengthening (∆σHDI) [49,50]. In heterogeneous materials, the plastic
strain is partitioned due to high plastic incompatibility between hard and soft domains [27].
To relieve and maintain the compatibility between domain boundaries, geometrically
necessary dislocations (GNDs) are generated and piled up at the domain boundary, leading
to HDI strengthening [27]. The B2/FCC interphase boundary in the 10Al and 15Al alloys
contributes to the ∆σHDI. Consequently, the YS, UTS, and strain hardening of the 10Al and
15Al alloys improve substantially compared to the 2.5Al alloy (Figure 5). It should also
be noted that the highest HDI stress at the same true strain is achieved in the 15Al alloy
(Figure 6b).

The ductility of the present alloys can be explained by the corresponding fracture
mechanism. The elongation of the alloys decreases rapidly from the 2.5Al to 10Al and 15Al
alloys. This stems from the changes of fracture mode from ductile fracture to ductile-brittle
mixed fracture. The ordered B2 phase lacks a number of independent slip systems, leading
to brittle fracture [51]. Therefore, unlike the ductile dual FCC-structured 2.5Al alloy, the
brittle fracture is observed in the 10Al and 15Al alloys (Figure 7). Once the crack initiates
in the B2 phase, the crack propagates within the B2 phase and then stops at the B2/FCC
interphase boundary (Figure 7e,f). This process introduces profuse void nucleation at the
interphase boundary; as a result, it may lead to earlier failure of the B2-containing 10Al
and 15Al alloys than the 2.5Al alloy. Nevertheless, the 15Al alloy retains a reasonable
elongation of 9% even with the high fraction of the B2 phase over 40%, due to the extra
strain hardening through HDI strengthening.
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5. Conclusions

In summary, the microstructural evolution and mechanical properties of the devel-
oped Al-Co-Cu-Mn IMMEAs were investigated. The 2.5Al alloy shows dual FCC phases
generated by the immiscible nature of the Co-Cu binary system. As the contents of Al
increase, the microstructure of the alloys transforms from dual FCC (Co-rich FCC and
Cu-rich FCC) phases to triple phases (dual FCC and B2). The CoAl-rich B2 phase is found
to have a needle-like shape or dendritic microstructure depending on the Al content. The
contribution of yield strength in the 10Al and 15Al alloys cannot be explained through con-
ventional precipitation strengthening. The hard B2 and soft Cu-rich FCC domains co-exist
in the 10Al and 15Al alloys, leading to significant HDI strengthening of the alloys. The
HDI strengthening enables the alloys to possess excellent yield strength, ultimate tensile
strength, and strain hardening rate while maintaining considerable ductility. The design
strategy for improved strength with substantial strain hardening can be accomplished
through the present design of heterogeneous IMMEAs.
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