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A B S T R A C T

In this study, low-density (< 6 g/cm3) AlCrFeTiX (x = Co, Ni, Cu) high-entropy alloys were produced by me-
chanical alloying and spark plasma sintering (SPS), and their structures and mechanical properties after SPS and 
annealing at 1000 ◦C for 24 h were reported. Both after SPS and annealing, the AlCrFeTiX (x = Co, Ni, Cu) alloys 
consisted of an L21 matrix phase with embedded bcc and C14 Laves phase particles. All the alloys had a nano- 
sized structure after SPS that retained in the AlCrFeTiCo and AlCrFeTiNi alloys after annealing. In the AlCrFe-
TiCu alloy, the annealing led to a coarsening, with an increase in the size of structural constituents above 1 μm. 
Compression tests showed that the AlCrFeTiX (x = Co, Ni, Cu) alloys after SPS were brittle at 25 ◦C, but the 
AlCrFeTiCo alloy exhibited the highest peak strength of 3792 MPa. At 600 ◦C, the AlCrFeTiCo alloy after SPS also 
demonstrated the best performance, with the yield strength, peak strength, and plastic strain of 1960 MPa, 
2121 MPa, and 1.8 %, respectively. The annealing did not eliminate the room-temperature brittleness, but 
improved the mechanical properties at 600 ◦C. The AlCrFeTiCo alloy showed a 15 %-increase in yield strength 
(2264 MPa) and more than 2.5 times higher compressive plasticity (4.7 %). The AlCrFeTiNi alloy became more 
ductile (1 %) and stronger (2200 MPa). For the AlCrFeTiCu alloy, the annealing had a negative effect that 
resulted in a halved plasticity at 600 ◦C. The AlCrFeTiCo and AlCrFeTiNi alloys after annealing showed record- 
high specific yield strength values at 600 ◦C, which were 383 and 371 MPa*cm3/g, respectively. With these 
values, the AlCrFeTiCo and AlCrFeTiNi alloys outperformed all the low-density medium-/high-entropy alloys 
available in literature to date obtained both by SPS or conventional casting. The structure formation and me-
chanical properties, as well as the response of these features to annealing, were extensively discussed.

1. Introduction

Materials that can combine low density and high strength are always 
demanding in the industry, especially in the aerospace sector, where the 
strength-to-weight ratio plays a decisive role [1]. To date, the most 
widespread low-density alloys are Al and Ti alloys [2–4]. However, 
despite these alloys being workhorses for many applications, the further 
improvement of their properties, like increasing the operating temper-
ature, required for next-generation aircraft, remains elusive because of 
the traditional one-base-element approach. A brand new concept of 
high/medium-entropy alloys (HEAs/MEAs) gives an opportunity to 
overcome issues related to unsatisfactory high-temperature perfor-
mance thanks to almost unlimited compositional space [5,6].

Low-density HEAs/MEAs (LDHEAs/LDMEAs) are one of the most 
prominent examples that highlight an advantage of multi-element 
alloying [7–9]. Having no strict definition, LDHEAs/LDMEAs are usu-
ally classified as the alloys with ρ ≤ 6–7 g/cm3, and they can demon-
strate unprecedented properties in a wide temperature interval. For 
instance, LDHEAs/LDMEAs, which contain Al, Ti, and a large portion of 
relatively lightweight refractory elements, surpass Ni- and TiAl-based 
alloys at T = 22–1000◦C in specific (normalised to density) strength 
due to a structure dominated by intermetallic phases and a notable 
contribution of solid solution strengthening [6,10–14]. The same factors 
exert excellent strength retention capability at temperatures up to 
1100◦C in other LDHEAs/LDMEAs, which consist of Al, Ti, and 3d ele-
ments, such as Cr, Fe, Ni, Co, Mn, Cu [15–20]. Besides high strength, 
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some of these alloys also show decent compressive plasticity at ambient 
and intermediate temperatures and outstanding oxidation resistance at 
1000◦C owing to forming a protective Al2O3 oxide layer [18,19].

Meanwhile, the synthesis of LDHEAs/LDMEAs through a standard 
remelting process is accompanied by many difficulties. Properties of 
intermetallic-containing/based alloys, comprising a prevalent part of 
LDHEAs/LDMEAs, are highly sensitive to variations in the chemical 
composition [21,22]. Even small deviations that can occur during pre-
paring raw metals and/or partial evaporation of the elements with low 
melting points induce scattering of the mechanical properties between 
different ingots, which is a major problem for potential applications of 
these alloys [22]. Besides, an inability to control the cooling tempera-
ture precisely initiates large residual stresses and/or formation of the 
intermetallic phases with undesirable morphology and inhomogeneous 
distribution, thereby degrading the overall performance of an alloy 
[22–25]. In this regard, powder metallurgy appears to be a more suitable 
way of obtaining LDHEAs/LDMEAs with a high content of intermetallic 
phases. Specifically, a combination of mechanical alloying (MA) and 
spark plasma sintering (SPS) provides almost porosity-free bulk speci-
mens with a regular distribution of different phases, having nanometer 
sizes [26–30].

In our foregoing study, the LDMEA, consisting of inexpensive ele-
ments, namely Al, Cr, Fe, and Ti, was obtained by MA and SPS [31]. The 
equiatomic AlCrFeTi alloy was composed of a nano-grained (Fe, Ti)-rich 
C14 (hexagonal close packed, hcp) Laves matrix phase with homoge-
neously distributed Cr-rich bcc (body-centred cubic) and Al-rich L12 (an 
ordered version of face-centred cubic, fcc) nanoparticles. With such a 
structure and ρ = 5.53 g/cm3, the alloy achieved a specific yield strength 
of 258 MPa*cm3/g at 700 ◦C, outperforming all the reported as-cast 
refractory LDHEAs/LDMEAs, Ni-based Inconel 718 and TiAl-based al-
loys. However, one of the chief shortcomings of the alloy was its brit-
tleness at T < 700–800◦C. Additional alloying is known to be an effective 
approach for improving the mechanical properties of as-cast 
LDHEAs/LDMEAs [19,20,32]. Meanwhile, the structure-property re-
lationships of as-sintered LDHEAs/LDMEAs, as well as their response to 
heat treatment, are weakly established that require additional studies.

The main purposes of this study were to explore the possibilities of 
enhancing the mechanical performance of the prospective AlCrFeTi 
alloy through (i) adding Co, Ni, or Cu and (ii) further annealing. Co, Ni, 
or Cu were chosen as the elements that could increase the strength 
[33–38], while Cu could also improve the plasticity [37,38]. Following 
these suggestions, we synthesised the AlCrFeTiX (x = Co, Ni, Cu) alloys 
by MA and SPS and scrutinised their structure and mechanical proper-
ties in as-sintered and annealed conditions. Although these alloys were 
studied previously [39–43], and they showed promising oxidation [39, 
40], corrosion [39], or wear [40,42,43] resistance, differences in the 
synthesis methods and the absence of high-temperature strength-plas-
ticity characteristics, as well as information on the influence of heat 
treatment, are reasons for a more systematic investigation to evaluate 
the potential of such materials for structural applications.

2. Materials and methods

The commercial powders of Al (99.7 wt%, particle size < 30 μm), Cr 
(99.7 wt%, particle size in the range 10–30 μm), Fe (99.9 wt%, particle 
size < 75 μm), Ti (99.5 wt%, particle size < 45 μm), Co (99.8 wt%, 
particle size < 70 μm), Cu (99.97 wt%, particle size < 60 μm), Ni 
(99.9 wt%, particle size < 30 μm) were used as the precursors. 18 g 
batches of an stoichiometric Al:Cr:Fe:Ti:Co (1:1:1:1:1:1 mol), Al:Cr:Fe: 
Ti:Cu (1:1:1:1:1:1 mol), and Al:Cr:Fe:Ti:Ni (1:1:1:1:1:1 mol) mixtures 
were used for mechanical alloying at 694 rpm (jar rotated at 1388 rpm) 
for 60 min in a water-cooling double-station planetary ball mill (Acti-
vator 2S, Activator, Russia), which is high energy planetary ball mill and 
allows reaching centrifugal acceleration more than 90 g [44]. The 
milling ball (stainless steel, 6 mm diameter) to powder mixtures weight 
ratio was 20:1. Before the milling, a stainless steel jar of 250 ml capacity 

was vacuumed, filled with the 99.98 %-purity argon having a pressure of 
4 atm and then sealed. It is critical to note that the powders became 
pyrophoric, that is fresh as-milled powders could self-ignite after 
opening the jars. The powders were unloaded from jars and loaded to 
graphite die for SPS in a glove box in an argon atmosphere.

Cylindrical graphite die (the inner diameter of 30 mm) was filled 
with a desired amount of the mixed powders. Then, the powders were 
consolidated using a SPS apparatus (Labox 650, Sinter Land, Japan) 
using the following parameters: heated in vacuum (15–20 Pa) at the rate 
of 100 ◦C/min, the temperature of 900◦C, under uniaxial loading of 
50 MPa, and dwell time of 10 min. After sintering, the specimens were 
free cooled in vacuum; cooling time to room temperature was ~15 min. 
Disc-shaped samples of 30 mm in diameter and 7 mm thick were 
obtained.

The specimens measured 3 × 3 × 5 mm3 were cut from the disc- 
shaped samples after SPS using electrical discharge machining. A part 
of the specimens were annealed at 1000 ◦C for 24 h with further air 
cooling. Prior to annealing, the specimens were sealed in a vacuumed 
(10− 2 torr) quartz tube filled with titanium chips to prevent oxidation. 
The specimens after SPS and annealing were used for structural in-
vestigations and mechanical properties evaluation.

Microstructural investigations were performed using X-ray diffrac-
tion (XRD, Rigaku Ultima IV), scanning electron microscopy (SEM; FEI 
Quanta 600 FEG or Tescan Mira3) and transmission electron microscopy 
(TEM; JEM JEOL-2100) together with energy-dispersive X-ray spec-
troscopy (EDS, SEM: EDAX Octane Elect Plus (FEI Quanta 600 FEG) or 
Ultim Max 65 (Tescan Mira3); TEM: INCA x-sight). Samples for XRD and 
SEM analysis were prepared by careful mechanical polishing to mirror 
surfaces using Buehler MasterMet 2 Suspension. For TEM examinations, 
thin foils were prepared using a Tenupol-5 twin-jet electro-polisher with 
an electrolyte containing a mixture of 600 ml of methanol, 360 ml of 
butanol, and 60 ml of perchloric acid at − 35◦C and 29.5 V. Selected area 
electron diffraction (SAED) patterns were used for phase identification. 
The volume fractions and dimensions of different phases were measured 
by using a Digimizer Image Analysis Software or ImageJ. The actual 
chemical compositions of the alloys after SPS (measured SEM-EDS; the 
scan area was ~1 × 1 mm2) are presented in Table 1.

The densities of the alloys were determined using hydrostatic 
weighing (Archimedes’ principle) of three samples measured 3 × 3 ×
5 mm3. The measured densities of the AlCrFeTiCo, AlCrFeTiCu, and 
AlCrFeTiNi alloys after SPS were 5.91 ± 0.03, 5.93 ± 0.05, and 5.86 ±
0.02 g/cm3, respectively.

Vickers microhardness tests were conducted at room temperature 
using 300 g load. At least 10 measurements per each data point were 
made.

Isothermal compression tests of rectangular specimens measured 3 ×
3 × 5 mm3 were carried out at 25 and 600 ◦C using an Instron 300LX test 
machine equipped with a radial furnace. At 600 ◦C, the specimens were 
placed into the preheated furnace and held for ~10 min to equilibrate 
the temperature before testing. The temperature was controlled by a 
thermocouple attached to a side surface of the specimen. The initial 
strain rate was 10− 4 s− 1.

Table 1 
Actual chemical compositions of the AlCrFeTiX (X = Co, Cu, Ni) alloys after SPS.

Chemical composition, at%

Alloy Al Cr Fe Ti Co Cu Ni

AlCrFeTiCo 19.1 
± 0.5

20.3 
± 0.5

21.3 
± 0.8

19.8 
± 1.0

19.6 
± 0.4

- -

AlCrFeTiCu 20.1 
± 0.3

19.8 
± 0.4

20.2 
± 0.6

18.8 
± 0.1

- 21.1 
± 0.6

-

AlCrFeTiNi 19.4 
± 0.9

20.6 
± 0.7

21.3 
± 0.2

19.7 
± 0.7

- - 19.1 
± 0.3
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3. Results

3.1. Structure after SPS

The structure of the alloys after SPS was firstly studied by SEM (Fig. 1
(a-c)). In all the alloys, a three-phase structure was formed, 

differentiated by a size of structural constituents, which were finer in the 
AlCrFeTiCo and AlCrFeTiNi alloys (Fig. 1(a, b)). According to SEM-BSE 
images, a dark-grey matrix contained relatively large and homoge-
neously distributed light-grey particles/grains. The third phase was 
presented by highly dispersed dark particles, which appeared both as 
individual particles inside the dark-grey matrix or as discontinuous 
networks surrounding the areas containing dark-grey matrix and light- 
grey particles/grains. According to XRD analysis (Fig. 1(d)), all the al-
loys consisted of the main Heusler (L21) phase, as judging from the 
highest relative intensity of the Bragg’s peaks. In the AlCrFeTiCo alloy, 
an additional bcc phase was observed, whilst the AlCrFeTiNi and 
AlCrFeTiCu alloys contained two extra phases: bcc and C14 Laves pha-
ses. The lattice parameters of the corresponding phases were similar 
amid the alloys studied (Table 2).

A more detailed study of the structure of the AlCoCrFeTi and AlCr-
FeNiTi alloys was performed by TEM (Fig. 2). Analysis of SAED patterns 
revealed a mixture of the L21, bcc, and C14 Laves phases in both alloys. 
The L21 and bcc phases prevailed in the structure, and they had close 
average grain/particle sizes of 120 or 230 nm in the AlCoCrFeTi or 
AlCrFeNiTi alloy, respectively. In turn, the C14 Laves phase appeared as 
individual precipitates within or adjacent to L21/bcc grains/particles. 
The average sizes of these precipitates were 40 and 70 nm in the 
AlCoCrFeTi and AlCrFeNiTi alloy, respectively. Both diffuse boundaries 
and a complex contrast inside some grains/particles should be noted 
that could indicate significant internal stresses. The inability to detect 
the C14 Laves phase in the AlCoCrFeTi alloy by XRD analysis could be 
attributed to the low volume fraction (< 5 %) of this phase.

TEM-EDS analysis showed that the constituent phases had complex 
chemical compositions (Table 3). In the AlCoCrFeTi alloy, the L21 phase 
was enriched in Al and Co, and it contained a nominal amount of Ti and 
Fe, while depleted with Cr. In the AlCrFeNiTi alloy, the L21 phase was 
also lean in Cr, yet rich in Ni and Ti, as well as containing nominal 
concentrations of Al and Fe. In turn, the bcc and the C14 Laves phases of 
both alloys were enriched with Cr and contained nominal concentra-
tions of Fe, while the ratios between the other elements were similar 
(Table 2).

3.2. Structure after annealing

Microstructural changes induced by annealing were tracked by SEM 
(Fig. 3(a-c)). All three alloys experienced coarsening of structural con-
stituents. The microstructures of the AlCrFeTiCo and AlCrFeTiNi alloys 
appeared to be close to each other (Fig. 3(a, b)). According to SEM-BSE 
images, the dark-grey matrix phase contained homogeneously distrib-
uted light-grey and dark particles. The volume fractions of the matrix 
phase were 59 and 70 % in the AlCrFeTiCo and AlCrFeTiNi alloys, 
respectively. The volume fractions of light-grey particles were 30 and 
20 % in the AlCrFeTiCo and AlCrFeTiNi alloys, respectively. Lastly, the 
volume fractions of dark particles were 11 and 10 % in the AlCrFeTiCo 
and AlCrFeTiNi alloys, respectively. In the AlCrFeTiCu alloy (Fig. 3(c)), 
annealing led to a rapid coarsening of the dark-grey matrix (57 %), in 
which embedded large light-grey (40 %) and tiny dark (3 %) particles. 
XRD analysis revealed no difference in the phase composition of the 
alloys compared to the as-sintered state (Fig. 3(d)). In the diffraction 

Fig. 1. Characterisation of the structure of the AlCrFeTiCo, AlCrFeTiNi, and 
AlCrFeTiCu alloys after SPS: (a-c) - SEM-BSE images of the typical structures of 
the AlCrFeTiCo (a), AlCrFeTiNi (b), and AlCrFeTiCu (c) alloys; (d) - diffraction 
patterns with identified phases.

Table 2 
Lattice parameters of the corresponding phases of the AlCrFeTiCo, AlCrFeTiNi 
and AlCrFeTiCu alloys after SPS.

Alloy Lattice parameter, nm

L21 phase bcc phase C14 Laves phase

AlCrFeTiCo 0.5836 ± 0.0003 0.2883 ± 0.0004 -
AlCrFeTiNi 0.5867 ± 0.0004 0.2884 ± 0.0002 a = 0.4858 ± 0.0002, 

c = 0.7793 ± 0.0005
AlCrFeTiCu 0.5942 ± 0.0005 0.2892 ± 0.0003 a = 0.4815 ± 0.0003, 

c = 0.7723 ± 0.0003

N. Yurchenko et al.                                                                                                                                                                                                                             Journal of Alloys and Compounds 1007 (2024) 176445 

3 



pattern of the AlCrFeTiCo alloy, only the L21 and bcc phases were 
detected, while the AlCrFeTiNi and AlCrFeTiCu alloys consisted of the 
L21, bcc, and C14 Laves phases. No noticeable variations in the lattice 
parameters of the corresponding phases as a result of annealing were 
also observed (Table 4).

Detailed analysis of the structure after annealing was performed by 

TEM (Fig. 4). Bright-field images supplied with SAED patterns 
confirmed the three-phase structure in all the alloys studied. In the 
AlCrFeTiCo and AlCrFeTiNi alloys (Fig. 4(a, b)), the arrangements of the 
L21, bcc, and C14 Laves phases, as well as their form (grains/particles for 
the L21 and bcc phases, and precipitates for the C14 Laves phase), 
resembled those of the as-sintered state (Fig. 2). However, the sizes of 
these structural constituents increased. In the AlCrFeTiCo alloy, the 

Fig. 2. Detailed characterisation of the structure of the AlCrFeTiCo (a) and 
AlCrFeTiNi (b) alloys after SPS: TEM bright-field images and SAED patterns of 
the corresponding phases.

Table 3 
Chemical compositions of the corresponding phases of the AlCrFeTiCo and 
AlCrFeTiNi alloys after SPS. Data were collected using TEM-EDS.

Elements, at 
%

Al Cr Fe Ti Co Ni

Phase AlCrFeTiCo

L21 30.3 ±
0.8

3.8 ±
0.7

19.3 ±
1.2

21.7 ±
1.4

24.9 ±
1.3

-

bcc 7.3 ±
1.6

64.7 ±
5.7

20.1 ±
0.5

4.8 ±
1.1

3.2 ±
1.2

-

C14 Laves 14.0 ±
3.0

34.9 ±
2.5

18.2 ±
0.9

20.3 ±
2.1

12.6 ±
1.4

-

AlCrFeTiNi
L21 20.3 ±

1.5
4.5 ±
0.5

21.4 ±
0.7

26.6 ±
1.8

- 27.2 ±
1.4

bcc 5.9 ±
0.5

65.4 ±
1.8

20.3 ±
0.6

5.4 ±
1.3

- 2.9 ±
1.2

C14 Laves 11.5 ±
3.5

32.9 ±
2.8

17.4 ±
0.5

25.2 ±
3.2

- 13.0 ±
1.0

Fig. 3. Characterisation of the structure of the AlCrFeTiCo, AlCrFeTiNi, and 
AlCrFeTiCu alloys after annealing: (a-c) - SEM-BSE images of the typical 
structures of the AlCrFeTiCo (a), AlCrFeTiNi (b), and AlCrFeTiCu (c) alloys; (d) 
- diffraction patterns with identified phases.
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average size of the L21/bcc grains/particles and C14 Laves precipitates 
enlarged to 400 nm and 115 nm, respectively (Fig. 4(a)). In the AlCr-
FeTiNi alloy, the L21/bcc grains/particles and C14 Laves precipitates 
were estimated to be 300 nm and 125 nm, respectively (Fig. 4(b)). 
Compared to the as-sintered state, the boundaries, as well as the in-
teriors, of structural constituents became clearer after annealing, indi-
cating the decreased internal stresses.

Somewhat alterations in the content of constitutive elements in the 
L21 and C14 Laves phases should be noted (Table 5). In the AlCrFeTiCo 
alloy, the L21 phase became leaner in Al and slightly richer in Cr and Fe, 
while the C14 Laves phase of the AlCrFeTiNi alloy appeared to be more 
abundant in Cr and Fe and poorer in Ti and Ni. Meanwhile, the chemical 
composition of the bcc phases in the AlCrFeTiCo and AlCrFeTiNi alloys 
remained unaffected by annealing (Table 5).

The coarsest L21, bcc, and C14 Laves phases were found in the 
AlCrFeTiCu alloy (Fig. 4(c)). The size of these structural constituents 
exceeded 1 μm (in certain directions). The C14 Laves phase precipitates 
often had a needle-like form. TEM-EDS analysis showed that the 
chemical composition of the L21 phase was close (in terms of the ratios 
of main Al, Cr, Fe, and Ti elements) to that of the AlCrFeTiCo and 
AlCrFeTiNi alloys (Table 5). Meanwhile, the bcc phase contained an 
approximately twice lower Cr content, and the C14 Laves phase was 
leaner in Cr and richer in Al, compared to the same phases found in the 
AlCrFeTiCo and AlCrFeTiNi alloys.

3.3. Mechanical properties after SPS and annealing

Mechanical properties of the alloys were evaluated firstly by 
microhardness measurements. Microhardness of the AlCrFeTiCo, AlCr-
FeTiNi, or AlCrFeTiCu alloy after SPS was 1009, 867, or 710 HV, 
respectively. Microhardness dropped after annealing, and the annealing- 
induced decrease in microhardness was minor (< 10 %) in the AlCrFe-
TiCo and AlCrFeTiNi alloys, but it was noticeable (> 30 %) in the 
AlCrFeTiCu alloy (Fig. 5).

Further, we performed compression tests of the alloys after SPS and 
after annealing at 25 and 600 ◦C. Fig. 6 and Table 6 collect the engi-
neering stress-strain curves and mechanical properties (yield strength 
(σYS), peak strength (σm), and plastic strain (ε)), respectively. At 25 ◦C, 
all the alloys after SPS were brittle and fractured in the elastic region 
(Fig. 6(a)). The AlCrFeTiCo alloy showed σm = 3792 MPa, while the 
AlCrFeTiNi and AlCrFeTiCu alloys fractured at σm ≈ 2300 MPa (Fig. 6
(a), Table 6). At 600 ◦C, the AlCrFeTiCo alloy demonstrated the best 
performance: σYS = 1960 MPa, σm = 2121 MPa, and ε = 1.8 % (Fig. 6
(b), Table 6). The AlCrFeTiCu alloy also showed signatures of plasticity 
(ε = 1 %) accompanied by a prominent strength reduction (σYS =

780 MPa; σm = 952 MPa). The AlCrFeTiNi alloy remained brittle and 
fractured at σm = 742 MPa (Fig. 6(b), Table 6).

Annealing did not improve the room-temperature properties of the 
alloys studied (Fig. 6(c), Table 6). All the alloys after annealing were 
brittle at 25 ◦C, and their σm values varied from as high as 3244 MPa (the 
AlCrFeTiNi alloy) to as low as 1170 MPa (the AlCrFeTiCu alloy) (Fig. 6
(c), Table 6). Nevertheless, annealing enhanced the mechanical prop-
erties at 600 ◦C, and the most prominent response was observed in the 
AlCrFeTiCo and AlCrFeTiNi alloys (Fig. 6(d), Table 6). Specifically, the 

AlCrFeTiCo alloy showed a 15 %-increase in strength (σYS = 2264 MPa), 
pronounced strengthening up to σm = 2692 MPa, and more than 2.5 
times higher compressive plasticity (ε = 4.7 %) with an extended steady 
flow stage, as compared to the as-sintered state (Fig. 6(b), Table 6). The 
AlCrFeTiNi alloy became more ductile (ε = 1 %) and stronger (σYS =

2200 MPa). For the AlCrFeTiCu alloy, the annealing had a neutral or 
even negative effect that resulted in a subtle increase in σYS up to 
818 MPa and reduction of ε down to 0.2 % (Fig. 6(d), Table 6).

Table 4 
Lattice parameters of the corresponding phases of the AlCrFeTiCo, AlCrFeTiNi 
and AlCrFeTiCu alloys after annealing.

Alloy Lattice parameter, nm

L21 phase bcc phase C14 Laves phase

AlCrFeTiCo 0.5842 ± 0.0003 0.2885 ± 0.0004 -
AlCrFeTiNi 0.5876 ± 0.0004 0.2884 ± 0.0002 a = 0.4891 ± 0.0006, 

c = 0.7939 ± 0.0011
AlCrFeTiCu 0.5943 ± 0.0003 0.2898 ± 0.0003 a = 0.4832 ± 0.0005, 

c = 0.7907 ± 0.0013

Fig. 4. Detailed characterisation of the structure of the AlCrFeTiCo (a), AlCr-
FeTiNi (b), and AlCrFeTiCu (c) alloys after annealing: TEM bright-field images 
and SAED patterns of the corresponding phases.
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4. Discussion

4.1. Structure

The alloys studied are modifications of the AlCrFeTi LDMEA, so a 
comparison of the structures should be presented. We found that addi-
tions of Co, Ni, and Cu to the AlCrFeTi alloy altered its phase structure. 
Instead of the C14 Laves matrix phase with the embedded bcc and L12 
particles observed in the AlCrFeTi alloy [31], the L21 matrix phase 
containing the bcc and C14 Laves phase precipitates formed in the 
AlCrFeTiX (x = Co, Ni, Cu) alloys. Such a transformation of the phase 
structure upon alloying can be analysed using a CALPHAD (CALculation 
of PHAse Diagrams) method (Fig. 7).

According to thermodynamic modelling, the formation of a multi-
phase structure is expected in all the alloys. In the AlCrFeTiCo alloy, the 
solidification starts from a (Co, Al)-rich B2 (an ordered version of bcc) 
phase, with subsequent appearance of a (Cr, Ti)-rich C14 Laves phase 
and a Cr-rich bcc phase (Fig. 7(a)). The AlCrFeTiNi alloy crystallises 
through the Cr-rich bcc phase, which is followed by forming a palette of 
phases, such as (Fe, Al)-rich and (Ni, Al)-rich B2 phases, a (Ni, Ti, Al)- 
rich L21 phase, and a (Fe, Ti)-rich C14 Laves phase (Fig. 7(b)). For the 
AlCrFeTiCu alloy, CALPHAD predicts the primary solidification of the 
Cr-rich bcc phase and subsequent nucleating the (Fe, Ti)-rich C14 Laves 

phase, a (Cu, Al)-rich bcc phase, and a Cu-rich fcc phase (Fig. 7(c)).
The experimental and predicted structures of the AlCrFeTiX (x = Co, 

Ni, Cu) alloys are in a partial agreement. Thermodynamic modelling 
correctly foresees forming the bcc and C14 Laves phases. Moreover, the 
modelled chemical compositions of the bcc phases coincide well with 
the experimental ones. However, CALPHAD cannot predict the L21 
phase, which is expected only in the AlCrFeTiNi alloy. Another contro-
versial point is the melting point, Tm, of the AlCrFeTiCu alloy, which is 
prognosticated to be 1007 ◦C. Evidently, CALPHAD underestimates the 
Tm of the AlCrFeTiCu alloy, since no signatures of melting were found 
after annealing at 1000 ◦C. The inconsistencies found between the 
experimental and calculated data can be ascribed to imperfections of the 
current databases [45].

Since forming the L21 phase in the alloys studied was triggered by the 
additions of Co, Ni, or Cu, we delved into corresponding phase diagrams. 
In ternary Co-Ti-Al [46], Ni-Ti-Al [47], and Cu-Ti-Al [48] systems, the 
respective Co2TiAl, Ni2TiAl, and Cu2TiAl L21 phases were experimen-
tally observed. In the alloys studied, however, the L21 phase had a more 
complex chemical composition. EDS analysis of the AlCrFeTiCo and 
AlCrFeTiNi alloys after SPS showed that the concentrations of Co and Ni 
did not exceed ~ 25 at%, which were a half of that of required to create 
a X2TiAl L21 phase. We infer that the deficit of Co and Ni atoms could be 
compensated by Fe and Cr, which are prone to occupy the same 
X-element sublattice [49–51]. However, even in the case of such an 
elemental partitioning, deviations from an ideal X2TiAl stoichiometry 
still existed. Specifically, in the AlCrFeTiCo alloy, the L21 phase con-
tained 52 at% of Ti and Al in sum, while, in the AlCrFeTiNi alloy, this 
phase was richer in the X-elements, with a total amount of Ni, Fe, and Cr 
equal to ~ 53 at%. These deviations in stoichiometry can partly explain 
differences in mechanical properties that will be discussed in the next 
section.

Some comments should also be given for the thermal stability of the 
AlCrFeTiX (x = Co, Ni, Cu) alloys. Annealing at 1000 ◦C resulted in (i) a 
coarsening of the L21/bcc grains/particles and C14 Laves precipitates 
and (ii) alterations of the chemical composition of certain phases. Spe-
cifically, the annealing equilibrated the content of Al and Ti in the L21 
phase of the AlCrFeTiCo and AlCrFeTiNi alloys, making the ratio of Ti:Al 
≈ 1:1, which corresponded to that of the ideal X2TiAl. Meanwhile, the 
annealing-induced coarsening could be driven by a high density of 
grain/interphase boundaries, similar to the AlCrFeTi LDMEA [31]. Yet, 
unlike the AlCrFeTi alloy, which experienced a minor increase in the size 
of structural constituents, the AlCrFeTiX (x = Co, Ni, Cu) alloys coars-
ened by 2–3 times. Nevertheless, the AlCrFeTiCo and AlCrFeTiNi alloys 
preserved the nano-sized structure, while, in the AlCrFeTiCu alloy, the 
dimensions of the phases went beyond 1 μm. The higher coarsening rate 
can be connected with a lower Tm (Fig. 7) of the alloys studied compared 
to the AlCrFeTi counterpart [31]. This assumption, despite some un-
certainties in the CALPHAD predictions of Tm, can also rationalise a 
much coarser structure observed in the AlCrFeTiCu alloy both after SPS 
and annealing.

4.2. Mechanical properties

Alterations in the phase structure with the additions of Co, Ni, or Cu 
were positive for the mechanical properties of the AlCrFeTi LDMEA. 
Forming the L21 matrix phase instead of the C14 Laves phase maintained 
high hardness, which exceeded 1000 HV in the AlCrFeTiCo alloy after 
SPS, and provided better performance during compression. Despite the 
retaining of room-temperature brittleness, the AlCrFeTiX (x = Co, Ni, 
Cu) alloys after SPS reached 2–3 times higher peak strength values 
compared to the AlCrFeTi LDMEA. Also, the AlCrFeTiCo alloy after SPS 
manifested signatures of plasticity already at 600 ◦C, while the AlCrFeTi 
alloy remained brittle up to 800 ◦C. The latter observation could be 
connected with: (i) alleviated plastic deformation mediated by disloca-
tion motion due to thermal activation induced by a reduced Tm [52] and 
(ii) dominating L21 phase, which appears to be more deformable than 

Table 5 
Chemical compositions of the corresponding phases of the AlCrFeTiCo, AlCr-
FeTiNi and AlCrFeTiCu alloys after annealing. Data were collected using TEM- 
EDS.

Elements, 
at%

Al Cr Fe Ti Co Ni Cu

Phase AlCrFeTiCo
L21 23.0 

± 1.5
6.4 ±
0.7

22.3 
± 1.1

23.4 
± 2.0

25.0 
± 0.9

- -

bcc 5.6 ±
0.3

67.9 
± 1.6

19.9 
± 1.4

3.8 ±
0.4

2.8 ±
0.2

- -

C14 Laves 15.4 
± 1.3

37.7 
± 2.1

20.7 
± 0.8

13.0 
± 0.3

13.2 
± 0.5

- -

AlCrFeTiNi
L21 24.2 

± 1.8
4.2 ±
0.4

20.2 
± 0.6

24.8 
± 1.2

- 26.6 
± 1.3

-

bcc 5.2 ±
0.8

69.0 
± 1.1

20.2 
± 0.9

3.4 ±
0.2

- 2.1 ±
0.4

-

C14 Laves 14.5 
± 0.4

41.2 
± 1.4

20.2 
± 0.7

16.4 
± 0.5

- 7.8 ±
0.6

-

AlCrFeTiCu
L21 27.1 

± 1.0
6.2 ±
0.4

21.5 
± 1.1

20.9 
± 0.9

- - 24.4 
± 0.5

bcc 21.8 
± 0.7

37.2 
± 3.4

13.6 
± 0.6

12.1 
± 2.1

- - 15.3 
± 1.7

C14 Laves 21.4 
± 1.6

25.6 
± 2.3

20.8 
± 1.2

17.9 
± 0.3

- - 14.3 
± 0.9

Fig. 5. Microhardness of the AlCrFeTiCo, AlCrFeTiNi, and AlCrFeTiCu alloys 
after SPS and after annealing.
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the C14 Laves phase [53].
Meanwhile, the effect of annealing on the mechanical properties of 

the AlCrFeTiX (x = Co, Ni, Cu) alloys was complex. Specifically, the 
annealing decreased the hardness (possibly due to lowering of internal 
stresses) and could not eliminate room-temperature brittleness, while 
improving compressive properties of the AlCrFeTiCo and AlCrFeTiNi 
alloys at 600 ◦C. Both alloys became stronger and more ductile at this 

temperature. In the AlCrFeTiCo alloy, annealing led to a 15 %-increase 
in strength and more than a twofold increase in plastic strain. The in-
crease in plasticity was accompanied by the appearance of an extended 
steady flow stage, indicating the pronounced dislocation activity. In 
turn, the AlCrFeTiCu alloy showed a negative response to the annealing, 
which included 30 %-decrease in hardness and halved plasticity at 600 
◦C.

Since the phase composition of the alloys studied remained constant, 
such a complex effect of annealing on the properties could be connected 
with (i) the coarsening and (ii) chemical composition alterations. The 
AlCrFeTiCu alloy experienced the most pronounced increase (> 1 μm) in 
the size of structural constituents that led to an inevitable decrease in 
grain boundary strengthening - one the major sources for the strength of 
the materials obtained by SPS [54–56]. Reduced plasticity of the AlCr-
FeTiCu alloy can also be reasoned by coarsening. For intermetallics, the 
grain size is among the crucial parameters that govern their plasticity 
[57]. A transition from nano- to micron-sized structure embrittles the 
intermetallic compound and vice versa [58,59].

Although the AlCrFeTiCo and AlCrFeTiNi alloys were amenable to 
somewhat coarsening, the strength loss due to weakening of grain 
boundary strengthening effect could be overcome by the equilibrating 
the content of Ti and Al in the L21 matrix phase. The properties of many 
intermetallics are sensitive to the degree of ordering [60] affecting the 
antiphase boundary (APB) energy [61], which are, in turn, dependent on 
the chemical composition. In some cases, the compounds having 

Fig. 6. Engineering stress-strain curves of the AlCrFeTiCo, AlCrFeTiNi, and AlCrFeTiCu alloys after SPS (a, b) and after annealing (c, d) obtained during the 
compression tests at 25 (a, c) and 600 ◦C (b, d).

Table 6 
Mechanical properties (yield strength (σYS), peak strength (σm), and plastic 
strain (ε)) of the AlCrFeTiCo, AlCrFeTiNi, and AlCrFeTiCu alloys after SPS and 
after annealing obtained during compression tests at 25 and 600 ◦C.

Alloy Temperature, ºС State σYS, МПа σm, МПа ε, %

AlCrFeTiCo 25 after SPS - 3792 0
600 1960 2121 1.8
25 after annealing - 2652 0
600 2264 2692 4.7

AlCrFeTiNi 25 after SPS - 2308 0
600 - 742 0
25 after annealing - 3244 0
600 2200 2274 1

AlCrFeTiCu 25 after SPS - 2278 0
600 780 952 0.4
25 after annealing - 1170 0
600 818 818 0.2
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stoichiometric (or nearly stoichiometric) composition, which indicates 
the maximum degree of ordering and APB energy, show higher strength 
and/or plasticity compared to off-stoichiometric counterparts due to 
specific dislocation configurations and their interactions. Albeit the 
estimation of the degree of ordering in such chemically complex systems 
as HEAs is known to be a non-trivial task [32,62–64], we, nevertheless, 
suggest that all the features mentioned above for “conventional” in-
termetallics could be responsible for the improvement of the mechanical 
performance of the AlCrFeTiCo and AlCrFeTiNi alloys after annealing.

Lastly, we must note that the AlCrFeTiCo and AlCrFeTiNi alloys after 
annealing showed exceptionally high yield strength values at 600 ◦C, 
which were 2064 and 2200 MPa, respectively. To understand the status- 
quo of these values, we normalised them to density (specific yield 
strength (SYS) and compared with those of other LDMEAs/LDHEAs 
available in literature [10–12,15–19,32,34,65–69] (Fig. 8). The dataset 
contained 33 LDMEAs/LDHEAs having different phase compositions, 

which were dominated by a palette of intermetallics, like B2, C14/C15 
Laves phases, L12, C11b, and, particularly, L21 phase. The AlCrFeTiCo 
and AlCrFeTiNi alloys with respective SYS values of 383 and 
371 MPa*cm3/g outperformed all the alloys from the dataset. The most 
closest SYS = 312 MPa*cm3/g was shown by the Al0.1CrNbVMo alloy 
with a structure consisting of bcc matrix phase and alumina inclusions 
obtained by MA and SPS [55]. Meanwhile, SYS of the other 
LDMEAs/LDHEAs synthesised by casting methods did not exceed 
250 MPa*cm3/g. Among them, the most high-strength AlCr1.5NbTiV 
alloy with a structure comprised a B2 matrix and blocky C14 Laves phase 
particles achieved only 231 MPa*cm3/g [11].

As was mentioned above, the record-high SYS values of the AlCr-
FeTiCo and AlCrFeTiNi alloys could stem from the synergistic effects 
from grain boundary strengthening and dominance of intermetallic 
phases in the structure. Although evading the room-temperature brit-
tleness remained an issue yet to be solved, good oxidation, corrosion, 
and wear resistance, together with outstanding specific strength, make 
the AlCrFeTiCo and AlCrFeTiNi alloys very attractive materials that can 
withstand in-service high-temperature compressive loads.

5. Conclusions

In this study, the structure and mechanical properties of the low- 
density (< 6 g/cm3) AlCrFeTiX (x = Co, Ni, Cu) high-entropy alloys 
after SPS and annealing at 1000 ◦C for 24 h were reported. The following 
conclusions could be drawn:

1) Both after SPS and annealing, the AlCrFeTiX (x = Co, Ni, Cu) alloys 
had a similar phase structure consisting of the L21 matrix phase with 
homogeneously distributed bcc and C14 Laves phase precipitates. 
The L21 matrix phase was enriched with Fe, Ti, Al, and the corre-
sponding element of Co, Ni, or Cu. In the bcc and C14 Laves phases of 
all the alloys, Cr prevailed. All the alloys had a nano-sized structure 

Fig. 7. Calculated temperature dependence of equilibrium phases of the 
AlCrFeTiCo (a), AlCrFeTiNi (b), and AlCrFeTiCu (c) alloys. The CALPHAD was 
realised with a Thermo-Calc (version 2022b) software and a TCHEA5 (high- 
entropy alloys) database.

Fig. 8. Specific yield strength (SYS) of the AlCrFeTiCo and AlCrFeTiNi alloys 
after annealing and other LDMEAs/LDHEAs at 600 ◦C [10–12,15–19,32, 
34,65–69].
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after SPS that retained in the AlCrFeTiCo and AlCrFeTiNi alloys after 
annealing, while it became micron-sized in the AlCrFeTiCu alloy.

2) After SPS, microhardness of the AlCrFeTiCo, AlCrFeTiNi, or AlCr-
FeTiCu alloy was 1009, 867, or 710 HV, respectively. During the 
compression tests at 25 ◦C, the AlCrFeTiCo alloy showed a peak 
strength of 3792 MPa, while the AlCrFeTiNi and AlCrFeTiCu alloys 
fractured at ~ 2300 MPa. At 600 ◦C, the AlCrFeTiCo alloy demon-
strated the best performance, with the yield strength, peak strength, 
and plastic strain of 1960 MPa, 2121 MPa, and 1.8 %, respectively. 
The AlCrFeTiCu alloy also showed signatures of plasticity (~ 1 %) 
accompanied by a prominent strength reduction. The AlCrFeTiNi 
alloy remained brittle and fractured at 742 MPa.

3) Microhardness dropped after annealing, and the annealing-induced 
decrease in microhardness was minor (< 10 %) in the AlCrFeTiCo 
and AlCrFeTiNi alloys, but it was noticeable (> 30 %) in the AlCr-
FeTiCu alloy. The annealing did not eliminate the room-temperature 
brittleness, but enhanced the mechanical properties at 600 ◦C. The 
AlCrFeTiCo alloy showed a 15 %-increase in yield strength 
(2264 MPa) and more than 2.5 times higher compressive plasticity 
(4.7 %). The AlCrFeTiNi alloy became more ductile (1 %) and 
stronger (2200 MPa). For the AlCrFeTiCu alloy, the annealing had a 
negative effect that resulted in a halved plasticity at 600 ◦C.

4) The AlCrFeTiCo and AlCrFeTiNi alloys after annealing showed 
record-high specific yield strength values at 600 ◦C, which were 383 
and 371 MPa*cm3/g, respectively. With these values, the AlCrFe-
TiCo and AlCrFeTiNi alloys outperformed all the LDMEAs/LDHEAs 
available in literature to date obtained both by SPS or conventional 
casting. The origin for such an outstanding strength was the syner-
gistic effect of grain boundary strengthening and dominance of 
intermetallic phases in the structure.
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