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Abstract: High-entropy alloys (HEAs) are single-phase systems prepared from equimolar or
near-equimolar concentrations of at least five principal elements. The combination of high mixing
entropy, severe lattice distortion, sluggish diffusion and cocktail effect favours the formation of
simple phases—usually a bcc or fcc matrix with minor inclusions of ordered binary intermetallics.
HEAs have been proposed for applications in which high temperature stability (including mechanical
and chemical stability under high temperature and high mechanical impact) is required. On the other
hand, the major challenge to overcome for HEAs to become commercially attractive is the achievement
of lightweight alloys of extreme hardness and low brittleness. The multicomponent AlCrCuScTi
alloy was prepared and characterized using powder X-ray diffraction (PXRD), scanning-electron
microscope (SEM) and atomic-force microscope equipped with scanning Kelvin probe (AFM/SKP)
techniques. Results show that the formation of complex multicomponent ternary intermetallic
compounds upon heating plays a key role in phase evolution. The formation and degradation
of W-phase, Al2 Cu3 Sc, in the AlCrCuScTi alloy plays a crucial role in its properties and stability.
Analysis of as-melted and annealed alloy suggests that the W-phase is favoured kinetically, but
thermodynamically unstable. The disruption of the W-phase in the alloy matrix has a positive effect
on hardness (890 HV), density (4.83 g¨ cm´3 ) and crack propagation. The hardness/density ratio
obtained for this alloy shows a record value in comparison with ordinary heavy refractory HEAs.
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1. Introduction
Ever since their discovery, high-entropy alloys (HEAs) have become one of the major research
topics in materials engineering. Outstanding mechanical and structural features, coupled with simple
crystal structures, make HEAs promising as materials for high-temperature applications, in which
high hardness should be coupled with high chemical and mechanical stability [1].
According to their density, melting point and hardness, HEAs can be classified as heavy/light,
refractory, soft/hard materials. In many cases, refractory (with melting point above 2000 ˝ C) HEAs are
characterized by high hardness (600–900 HV): however, since their main components are Mo, Nb, Ta
or Zr, their density equals or surpasses 10 g¨ cm´3 [2–4], which limits their application.
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Conversely, only few alloys display micro-hardness values of 800 HV or more. Such hardness
values have usually been obtained for refractory HEAs (such as MoTiVFeNiZrCoCr) or for light
Al-based HEAs with moderate density (3–5 g¨ cm´3 ) through mechanical alloying [5]. Nevertheless,
high-temperature applications demand a sensible balance between strength and tensile ductility, and
no known single-phase HEA satisfies such requirements. Perfectly tuned properties may be obtained
by combining a soft matrix (bcc) with finely distributed intermetallics, a combination already known to
improve hardness [6,7].
The design of new HEAs is driven by the principle of configurational entropy maximization, with
consequent Gibb’s free energy reduction. This is mostly achieved by combining at least five principal
elements at 5–35 at. % concentrations. However, the relative affinities of metals, synthetic route
and mechanical treatments also play a role in the formation of single-phase HEAs. Therefore, trials
have often led to the development of equimolar multicomponent alloys consisting of intermetallic
compounds and solid solutions of different space groups [8,9]. As a matter of fact, many HEAs
originally believed to consist of a single bcc or fcc phase contain minor inclusions and intermetallic
phases when investigated by Powder X-ray Diffraction (PXRD), high-resolution scanning-electron
microscope (SEM) and transmission electron microscope (TEM). It may therefore be necessary to
extend the definition of a HEA to include these systems [10].
While models based exclusively on ternary phase diagrams fail to predict the formation of single
phase HEAs, the information extracted from simple systems can certainly prove useful in directing
new synthetic approaches.
In the current study, we focus on the key role played by multicomponent intermetallic compounds
in the phase formation of equimolar HEAs containing elements likely to form complex ordered binary
and especially ternary phases, such as Al, Cu and Sc [11]. We present the formation and disruption of
ternary Al-Cu-Sc intermetallic compounds (Al4 Cu4 Sc and Al2 Cu3 Sc) in the equimolar AlCrCuScTi alloy.
We highlight the effect of the degradation of these phases on density, hardness and crack formation.
2. Materials and Methods
2.1. Synthesis and Heat Treatment
The target alloy has been prepared using induction melting. Al, Cr, Cu, and Ti were taken as
fine powders or grains (Goodfellows, Huntingdon, UK) and mixed with 1 mm Sc grains; metals were
used in equiatomic proportions. The total mass of the melted sample was 10 g. The powders were
pressed into a pellet (11 mm in diameter and 10–15 mm in height) using a steel press mould, under
a pressure equivalent to 10 t. The pellet was placed in a BN crucible (Kennametal, Newport, UK)
and melted using an induction coil in a glove-box operated under Ar pressure, in order to protect
metals from high-temperature oxidation. Complete melting of the sample was achieved above 1600 ˝ C.
After 5 min at the melting temperature, the sample was cooled down naturally to room temperature.
The as-melted material was thermally annealed in a dynamic vacuum (10´2 Pa) at 1000 ˝ C for 4 h,
followed by natural cooling to room temperature. Part of the homogenized sample was fast-heated
(1–2 min) to 1400 ˝ C using an induction coil in a glove-box and quenched in high purity hydrostatic
oil. The three samples are referred to in the text as “as-melted”, “annealed” and “quenched”.
2.2. Material Characterization
All samples were mounted in carbonised resin, polished using MetaDiTM Supreme Polycrystalline
Diamond Suspension (Buehler, Esslingen am Neckar, Germany) (1 µm) and etched with a 5% solution
of HNO3 in ethanol.
Morphology and elemental composition were analysed using a Hitachi S-4800 Field Emission
scanning-electron microscope (SEM, Hitachi, Tokyo, Japan) equipped with energy dispersive X-ray
(EDX) analyser. The average elemental composition was obtained from 2.5 ˆ 1.5 mm maps and locally.

Metals 2016, 6, 106

3 of 8

Density was measured using flotation in water in the ATTENSION equipment (Biolin Scientific,
Stockholm, Sweden). The results are an average of five measurements.
Vickers hardness was investigated on a WilsonR VH3100 Automatic Knoop/Vickers Hardness
tester (Buehler, Esslingen am Neckar, Germany): 50–60 individual points under a 9.81 N (1 kg) testing
load were measured to get statistically significant results. In order to investigate cracking phenomena,
various forces of 2.94, 9.81, 19.62, 29.43, 49.04 and 98.10 N were applied. Lengths of indentation and
cracks were measured using ˆ50 magnification with 0.2 µm accuracy.
Atomic-force microscope equipped with scanning Kelvin probe (AFM/SKP) measurements were
performed in AC mode on the annealed alloy using a JPK NanoWizard3 Instrument (JPK, Berlin,
Germany), equipped with a FM-50 Pointprobe® tip. The SKP scanning was performed at 10 nms´1
with 5 µms´1 speeds.
Powder X-ray diffraction profiles for the as melted and annealed powdered samples were collected
at room temperature at the ID-09A beam-line at the ESRF (λ = 0.4145 Å, MAR 555 flat panel detector
(marXperts GmbH, Norderstedt, Germany) company, city, country, beam size 10 ˆ 15 µm2 ). LaB6 was
used as external standard for calibration. For data analysis, two-dimensional images were first
integrated to one-dimensional intensity counts as a function of diffraction angle using the FIT2D
software (Version 18, ESRF, Grenoble, France, 2016). Phase identification was performed using the
Crystallography Open Database and the Inorganic Crystal Structure Database.
3. Results
The data related to the average composition, density and hardness of the AlCrCuScTi alloy are
summarized in Table 1.
Table 1. Properties of as-melted, annealed and quenched AlCrCuScTi alloy.

AlCrCuScTi
Nominal
As melted
Annealed
Quenched

Average Composition (˘0.5 at. %)
from 2.5 mm ˆ 1.5 mm Maps
Al

Cr

Cu

Sc

Ti

20
21.7
16.7
18.1

20
20.0
19.1
22.3

20
21.6
19.5
20.2

20
17.4
23.3
20.5

20
19.3
23.3
20.8

Hardness

Density (˘0.02 g¨ cm´3 )
4.71 (estimated)
4.84
4.83
-

HV

MPa

636 ˘ 27
890 ˘ 20
797 ˘ 10

6237 ˘ 267
8728 ˘ 196
7816 ˘ 98

The amount of Al in the sample is reduced during heat treatment. The high temperatures required
by the synthetic route leads to the partial evaporation of Al. The alloy should therefore be considered
quasi-equimolar. The density of the multicomponent homogeneous alloy (ρest ) can be estimated using
the following formula:
ř
cA
ρest “ ř ci A i
i i
ρi

where ci , Ai and ρi are respectively concentration, atomic weight and density of the ith element.
Density values for pure metals were taken from [12].
Both the as-melted and thermally annealed alloys show high brittleness and can be easily ground
to a fine powder. Because of the easy formation of cracks during indentation, Vickers hardness of the
quenched material can only be roughly estimated. The thermal annealing results in a drastic increase
of hardness and decrease in the brittleness of the alloy. To compare the brittleness of the as-melted
and annealed samples, indentations with various testing forces were performed. Since the indenter is
bigger than the individual domains characteristic for the sample, no significant differences in hardness
values were detected among different areas of indention. Anstis et al. demonstrated that the crack
length forming in a material during Vickers indentation can be used to characterize ductile-brittle
transitions in hard and soft materials. Indentation at various forces produces pyramid-shaped traces
linked to material ductility, as well as symmetrical cracks related to the sample’s brittleness [13].
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The following abbreviations are used in this manuscript:
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Atomic force microscopy
Scanning Kelvin probe
Powder X-ray diffraction
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