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a b s t r a c t

The effect of annealing at 800 �C or 1000 �C for 100 h on the structure and mechanical properties of
refractory AlCrxNbTiV and AlNbTiVZrx (x¼ 0e1.5) high-entropy alloys was studied. In the initial condi-
tion (annealing at 1200 �C for 24 h), the AlNbTiV and AlCr0.5NbTiV alloys were composed of the B2 phase
while the AlCrNbTiV and AlCr1.5NbTiV alloys had a mixture of the B2 and Cr2Nb-type C14 Laves phases.
The AlNbTiVZrx (x¼ 0.5e1.5) alloys in the initial condition consisted of the B2, Zr5Al3-type, and ZrAlV-
type C14 Laves phases. Annealing of the AlCrxNbTiV (x¼ 0e1.5) alloys at 800 �C or 1000 �C resulted in
(i) precipitation of the Nb2Al-type s-phase or an increase in the fraction of the Laves phase; (ii) an in-
crease in the microhardness and a pronounced drop in ductility. Annealings of the AlNbTiVZrx (x¼ 0.5
e1.5) alloys at 800 �C or 1000 �C led to insignificant changes in the structure and microhardness but
somewhat decreased ductility. Quasi-binary AlNbTiV-Cr and AlNbTiV-Zr phase diagrams constructed
with a Thermo-Calc software and TCHEA2 database were used to analyze phase transformations in the
experimental alloys. The differences in the behavior of the Cr/Zr-containing alloys and the relationships
between the phase composition and mechanical properties of the alloys were discussed.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

High-entropy alloys (HEAs) are a relatively new class of metallic
alloys intensively studied over the past two decades [1e5]. Ac-
cording to the original definition, HEAs are alloys consisting of at
least 5 elements taken in equimolar concentrations [1]. Due to
unique mechanical properties, which can exceed those of conven-
tional alloys and/or fill gaps between characteristics of existing
alloys, HEAs are considered as promising candidates for different
potential applications [6].

One of the most perspective usages for HEAs is associated with
the production of high-temperature structural materials. The first-
developed HEAs based on refractory metals (refractory high-
entropy alloys, RHEAs) demonstrated high strength up to 1600 �C
but were very heavy [7,8]. Attempts to reduce their density led to
the designing of RHEAs based on the (Al)-Cr-Nb-Ti-V-Zr system
[9e17]. Reported alloys belonging to this system have densities, r,
ructured Materials, Belgorod
.
u. Yurchenko).
in the interval ~5.5e6.5 g/cm3 and good specific strength up to
1000 �C [10]. Particularly, the AlNbTiV alloywith r¼ 5.59 g/cm3 and
a single phase B2 structure exhibited higher specific strength at
T� 800 �C in comparison with that of Inconel 718 [11,17]. Modified
versions of this alloy, namely the AlCrxNbTiV and AlNbTiVZrx alloys,
showed even more attractive mechanical properties in the same
temperature range [13,17]. Alloying with Cr positively affects high-
temperature strength, yet deteriorates ductility at ambient tem-
perature owing to the formation of the Laves phase particles
[10,13]. Certain amounts of Zr can enhance strength and ductility
simultaneously due to solid solution strengthening and reducing
the long-range order parameter of the B2 phase, respectively [17].

Although the effect of the chemical composition on the struc-
ture, static (mostly compression) mechanical properties, and the
oxidation behavior of various RHEAs, including those belonging to
the (Al)-Cr-Nb-Ti-V-Zr system, were thoroughly investigated
[9,10,12,13,15,17e33], there are other properties crucial for poten-
tial applications of these alloys as high-temperature materials. One
of them is the stability of structure at operating temperatures. It has
already been well established that a single solid solution phase
structure of (R)HEAs being stable at higher temperatures can,
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however, decompose at lower temperatures [33e43]. This change
in the phase composition can have a pronounced effect on the
mechanical behavior of the alloys [38]. Phase transformations can
also occur in (R)HEAs with complex, multiphase microstructures
[41,44]. Unfortunately, the existing information on phase trans-
formations in RHEAs is only limited by several alloys [33,38,40e42],
therefore more detailed studies are needed.

A powerful tool for the phase transformations analysis in metals
and alloys is the CALPHAD (CALculations of the Phase Diagrams)
method implemented in several commercial software packages
[45]. The CALPHAD approach was proposed to accelerate the
development of HEAs suitable for practical applications [46,47]. But
in many cases, the validity of the CALPHAD predictions for HEAs
remains unsatisfactory, due to limitations of the existing phase
diagrams developed for conventional alloys, based on single
element databases [13,15]. Commercial databases for HEAs are
already available, but their accuracy requires additional verification
[48,49].

Therefore in the present paper, we report the effect of a long-
term (100 h) annealing at estimated operating temperatures
(800e1000 �C) on the structure and mechanical properties of the
refractory Al-Cr-Nb-Ti-V-Zr high entropy alloys with different Cr
and Zr concentrations, namely the AlCrxNbTiV and AlNbTiVZrx
(x¼ 0e1.5) alloys. Structure andmechanical properties of the alloys
after high-temperature homogenization (1200 �C, 24 h) were re-
ported elsewhere [13,17]. Note that structure of the AlCrxNbTiV
(x¼ 0e1.5) alloys after compression testing at 800 �C or 1000 �C
was thoroughly described in Ref. [13], however, a short-term
exposure during the testing (~1.5 h) did not allow producing the
equilibrium structure. The aims of the present study can be defined
as follows: (i) to estimate the phase stability of the Al-Cr-Nb-Ti-V-Zr
alloys depending on the Cr and Zr concentrations; (ii) to evaluate
the effect of possible phase transformations on mechanical prop-
erties; (iii) to compare obtained experimental data on the phase
composition of the alloys with CALPHAD predictions and to esti-
mate their validity.

2. Experimental procedures

The alloys with a nominal composition of AlNbTiV, AlCr0.5NbTiV
(denoted as Cr0.5), AlCrNbTiV (Cr1), AlCr1.5NbTiV (Cr1.5), AlNb-
TiVZr0.5 (Zr0.5), AlNbTiVZr (Zr1), and AlNbTiVZr1.5 (Zr1.5) were pro-
duced by arc melting of the elements in a low-pressure, high-purity
argon atmosphere inside a water-cooled copper cavity. The purities
of the alloying elements were no less than 99.9 at.%. The produced
ingots of the alloys measured ~6� 12� 40mm3. The as-cast ingots
were annealed at 1200 �C for 24 h; hereafter this condition will be
referred to as the initial one. Prior to the annealing, the samples
were encapsulated in vacuumed (10�2 torr) quartz tubes filled with
titanium chips to prevent any oxidation.

Rectangular specimens measured 6� 4� 4mm3 were cut using
an electric discharge machine from the ingots with the initial
microstructure. These specimens were then annealed at 800 �C or
1000 �C for 100 h. Prior to the annealing, the samples were also
sealed in vacuumed (10�2 torr) quartz tubes filled with titanium
chips to prevent oxidation. Then the samples were put into a pre-
heated furnace and held for 100 h. Cooling after the annealing was
carried out in laboratory air.

Microstructure and phase composition of the alloys after
annealing at 800 �C or 1000 �C for 100 h were studied using X-ray
diffraction (XRD), scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The XRD analysis was per-
formed using a RIGAKU diffractometer and CuKa radiation. The
XRD results were used (together with TEM) for the phase identi-
fication, however, XRD patterns and lattice parameters of the
constitutive phases are given in Figs. S1 and S2, and Tables S1 and
S2, respectively, to avoid the excess of the graphic material. Sam-
ples for SEM observations were prepared by mechanical polishing.
SEM investigations were carried out using either FEI Quanta 600
FEG or Nova NanoSEM microscopes; both instruments were
equipped with back-scattered electron (BSE) and energy-dispersive
X-ray spectroscopy (EDS) detectors. The volume fraction of
different phases was measured by a Digimizer Image Analysis
Software using SEM-BSE images. Mechanically pre-thinned to
100 mm foils were prepared for TEM analysis by conventional
twinjet electro-polishing at a temperature of�35 �C and an applied
voltage of 29.5 V in a mixture of 600ml of methanol, 360ml of
butanol and 60ml of perchloric acid. TEM investigations were
performed using a JEOL JEM-2100 microscope equipped with an
EDS detector at an accelerating voltage of 200 kV.

The Vickers microhardness, HV, was measured on polished
cross-section surfaces of the annealed specimens using a 136-
degree Vickers diamond pyramid under a 300 g load applied for
15 s. Each data point represented an average of at least 10 individual
measurements. The nanohardness measurements were performed
with a Shimadzu DUH-211s Dynamic Ultra Micro Hardness Tester
fitted with a Berkovich tip. At least twenty indents were performed
on each of the phases avoiding any influence from another phase
(s). The maximum load of 50mN was applied for 5 s; a loading
speed was 6.6620mN/s. The hardness was obtained by using the
Oliver and Pharr method [50].

Isothermal compression of rectangular specimens measured
6� 4� 4mm3 was carried out at 22 �C using an Instron 300LX test
machine. The initial strain rate was 10�4 s�1.

Thermodynamic modeling of equilibrium phase diagrams was
conducted using a Thermo-Calc (version 2017b) software employ-
ing a TCHEA2 (High Entropy Alloys version 2.1) database.

3. Results

3.1. Structure of the Al-Cr-Nb-Ti-V-Zr alloys in the initial condition

Microstructures of the AlNbTiV, AlCrxNbTiV, and AlNbTiVZrx
alloys after annealing at 1200 �C for 24 h (hereinafter referred to as
the initial condition) were described in details elsewhere [11,13,17].
Here, only a brief review of the relationship between the phase
composition of the alloys and the Cr/Zr content is presented (Fig. 1).
The AlNbTiV alloy was composed of the single B2 ordered phase
[17]. Addition of a relatively small amount of Cr (x� 0.5) did not
result in any visible change of the microstructure, however, at a
higher Cr content the Cr2Nb-type C14 Laves phase, enrichedwith Cr
and Nb [13], appeared (Fig. 1a). Alloying with Zr led to the forma-
tion of the Zr5Al3-type phase, composed mostly of Zr and Al, at
small concentrations (0.1� x� 0.25), and both the Zr5Al3-type
phase and ZrAlV-type C14 Laves phase, enriched with Zr, Al, and V,
at higher (x� 0.5) content (Fig. 1b) [17]. The volume fraction of the
second phases gradually enlarged with an increase in the Cr/Zr
content. In all alloys, the second phase(s) particles were coarse and
appeared at grain boundaries mainly rather than in the matrix (B2)
grain interiors.

3.2. Effect of annealing at 800 �C or 1000 �C on microhardness of
the Al-Cr-Nb-Ti-V-Zr alloys

To estimate the effect of annealing on mechanical properties of
the studied alloys, microhardness measurements were performed.
Fig. 2 shows themicrohardness of the Al-Cr-Nb-Ti-V-Zr alloys in the
initial condition and after annealings at 800 �C or 1000 �C (100 h) as
a function of the Cr or Zr content. The general trend in the initial
condition was an increment in the microhardness with an increase



Fig. 1. Dependences of the volume fractions of the constitutive phases in the AlCrxNbTiV (a) and AlNbTiVZrx (b) alloys in the initial condition. Detailed information on the structure
of the alloys can be found elsewhere [11,13,17].
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in the Cr/Zr content: the microhardness raised from 450 HV for the
AlNbTiV alloy to 670 HV for the AlCr1.5NbTiV alloy (Fig. 2a) and to
560 HV for the AlNbTiVZr1.5 alloy (Fig. 2b). Annealings at 800 �C or
1000 �C resulted in a more complex dependence of the micro-
hardness. The microhardness of the AlNbTiV alloy increased up to
610 HV or to 570 HV after annealing at 800 �C or 1000 �C, respec-
tively (Fig. 2). The microhardness of the AlCrxNbTiV (x¼ 0.5e1.5)
alloys also raised after annealing at both temperatures, yet the
annealing at 800 �C led to a much higher microhardness (Fig. 2a).
Also, the dependence of the microhardness on Cr fraction after
annealing at 800 �C was somewhat different from that both in the
initial condition or after annealing at 1000 �C. After annealing at
800 �C, the maximum hardness of 1095 HV was demonstrated by
the AlCrNbTiV alloy, while further increase in the Cr concentration
resulted in a lower hardness (Fig. 2a). In the AlNbTiVZrx
(x¼ 0.5e1.5) alloys, a negligible effect of annealing at 800 �C or
1000 �C on the microhardness was found (Fig. 2b).
3.3. Structure of the Al-Cr-Nb-Ti-V-Zr alloys after annealing at
800 �C or 1000 �C

The AlNbTiV, AlCr0.5NbTiV, AlCrNbTiV, AlNbTiVZr0.5, and AlNb-
TiVZr alloys were chosen for detailedmicrostructural investigations
based on the results of microhardness measurements (Fig. 2) and
their microstructures in the initial condition (Fig. 1) to illustrate
different kinds of behavior exhibited by the studied Al-Cr-Nb-Ti-V-
Zr alloys. The microstructures of the rest of the alloys have been
analyzed and are presented in Fig. S3.

Fig. 3 displays the microstructures of the AlNbTiV, AlCr0.5NbTiV,
AlCrNbTiV, AlNbTiVZr0.5, and AlNbTiVZr alloys after annealing at
Fig. 2. Microhardness of the AlCrxNbTiV (a) and AlNbTiVZrx (b) (x¼ 0e1.5)
800 �C; the chemical compositions and volume fractions of the
structural constituents are summarized in Table 1. The initial B2
structures of the AlNbTiV and AlCr0.5NbTiV alloys decomposed after
annealing at 800 �C (Fig. 3aec). The second phase appeared both
along boundaries and inside B2 grains (the B2 phase marked as 1 in
Fig. 3a, c) as dendritic, needle-like particles (marked as 2 in Fig. 3a,
c). The second phase which can be identified as a Nb2Al-type s-
phase (Fig. 3b) was found to be enriched with Nb and Al, and
depleted of Cr (in the AlCr0.5NbTiV alloy) (Table 1). The volume
fractions of the s-phase in the AlNbTiV and AlCr0.5NbTiV alloys
were 37% and 50%, respectively (Table 1); the corresponding
average transversal sizes were 1.5 mm and 0.5 mm.

Annealing of the AlCrNbTiV alloy at 800 �C increased consider-
ably the amount of the second phase(s) due to the precipitation of a
great number of fine particles in the B2 matrix (Fig. 3d). Detailed
analysis by TEM demonstrated that these particles were the Nb2Al-
type s-phase enriched with Nb and Al, and depleted of Cr and V
(Fig. 3e, Table 1). The volume fraction and the average size of the s-
phasewere 65% (Table 1) and ~170 nm, respectively. The Cr2Nb type
C14 Laves phase particles (marked as 2 in Fig. 3d and e), composed
predominantly of Cr and Nb and depleted of Ti (Table 1), retained
their average transversal (~3.5 mm) and longitudinal (~8 mm) sizes
and the volume fraction unchanged in comparison with those in
the initial condition (Table 1 [13]).

The AlNbTiVZr0.5 and AlNbTiVZr alloys after annealing at 800 �C
were composed of the B2 matrix phase (marked as 1 in Fig. 3f and
g) with the Zr5Al3-type (marked as 2 in Fig. 3f and g) and ZrAlV-
type C14 Laves (marked as 3 in Fig. 3f and g) phases. Any other
phases were not detected. The observed structures and volume
fractions of the constitutive phases were very similar to those in the
alloys in the initial condition and after annealing at 800 �C or 1000 �C.



Fig. 3. SEM-BSE (a, c, d, f, g) and TEM bright-field (b, e) images of the AlNbTiV (a, b), AlCr0.5NbTiV (c), AlCrNbTiV (d, e), AlNbTiVZr0.5 (f), AlNbTiVZr (g) alloys after annealing at
800 �C. Chemical compositions of the numbered structural constituents are given in Table 1.

Table 1
Chemical compositions and volume fractions of the structural constituents of the AlNbTiV, AlCr0.5NbTiV, AlCrNbTiV, AlNbTiVZr0.5, and AlNbTiVZr alloys after annealing at
800 �C. Analyzed areas are denoted in Fig. 3.

Elements, аt.% Al Cr Nb Ti V Zr Volume fraction, %

Constituents AlNbTiV
N� Designation
1 B2 matrix phase 24.9 e 19.2 28.2 27.7 e 63± 3
2 Nb2Al-type s-phase 32.2 e 32.4 19.1 16.3 e 37± 2
Alloy composition 27.6 e 24.1 24.8 23.5 e e

AlCr0.5NbTiV
1 B2 matrix phase 22.7 11.2 19.4 23.7 23.1 e 50± 3
2 Nb2Al-type s-phase 27.3 6.6 32.4 19.6 14.3 e 50± 2
Alloy composition 25.2 10.3 22.3 21.4 20.8 e e

AlCrNbTiV
1 B2 matrix phase 22.4 17.9 17.9 21.3 20.5 e 22± 3
2 Cr2Nb-type C14 Laves phase 15.2 35.8 25.1 9.9 14.0 e 13± 1
3 Nb2Al-type s-phase 33.5 2.8 33.5 21.2 9.0 e 65± 3
Alloy composition 22.9 18.8 20.2 19.3 18.8 e e

AlNbTiVZr0.5
1 B2 matrix phase 21.2 e 26.3 24.6 20.6 7.3 83± 3
2 Zr5Al3-type phase 35.5 e 16.6 9.7 4.5 33.7 6± 2
3 ZrAlV-type C14 Laves phase 28.6 e 13.1 7.6 23.3 27.4 11± 2
Alloy composition 23.8 e 24.0 19.0 21.0 12.2 e

AlNbTiVZr
1 B2 matrix phase 16.2 e 25.9 24.9 18.3 14.7 66± 3
2 Zr5Al3-type phase 35.5 e 16.0 9.3 4.2 35.0 13± 2
3 ZrAlV-type C14 Laves phase 30.9 e 12.3 6.7 23.1 27.0 21± 2
Alloy composition 21.8 e 20.9 20.0 18.7 18.6 e
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initial condition (Figs. 1 and 5 for example). The Zr5Al3-type phase
was mostly composed of Al and Zr, while the Laves phase contained
Al, V, and Zr (Table 1).

Fig. 4 illustrates the microstructures of the AlNbTiV, AlCr0.5Nb-
TiV and AlCrNbTiV alloys after annealing at 1000 �C; the chemical
compositions and volume fractions of the structural constituents
are given in Table 2. Similar to annealing at 800 �C, the initial single-
phase structures of the AlNbTiV and AlCr0.5NbTiV alloys decom-
posed after annealing at 1000 �C. Changes in the structure (Fig. 4a
and b) were associated with the precipitation of the Nb2Al type s-
phase (marked as 2 in Fig. 4a and b) in thematrix B2 phase (marked
as 1 in Fig. 4a and b) like that observed after annealing at 800 �C
(Fig. 3a, c). However, the size of the s particles was noticeably
higher in both alloys (compare Fig. 3c and Fig. 4b for example)
while the volume fraction of this phase was 35% and 25% in the
AlNbTiV and AlCr0.5NbTiV alloys, respectively (Tables 1 and 2).

The AlCrNbTiV alloy after annealing at 1000 �C consisted of
three constituents: the B2 phase (marked as 1 in Fig. 4c), the Cr2Nb-
type C14 Laves phase (marked as 2), and the Nb2Al-type s-phase
(marked as 3). Although the phase composition was similar to that
after annealing at 800 �C (Fig. 3d), the microstructure differed
substantially. The volume fraction of the Cr2Nb-type C14 Laves
particles increased to 35% (Table 2). The Laves particles enlarged e

their average transversal size increased to ~8 mm. The amount of the
s-phase (12%) was much lower than that after annealing at 800 �C
(65%) (Table 2). The average size of the s-phase particles was
~500 nm. Microstructures of the Zr-containing alloys are not pre-
sented here (but are given in Fig. S3) as they are basically identical
to that after annealing at 800 �C. The chemical composition of the
structural constituents of all studied alloys (Table 2) was similar to
Fig. 4. SEM-BSE images of the AlNbTiV (a), AlCr0.5NbTiV (b), AlCrNbTiV (c) alloys after ann
given in Table 2.
that after annealing at 800 �C.
Fig. 5 presents dependences of the volume fractions of the

constitutive phases after annealings at 800 �C or 1000 �C on the Cr/
Zr fractions. Themost prominent changewas associatedwith the s-
phase formation in the AlCrxNbTiV alloys (x¼ 0e1.5) (Fig. 5a). The
volume fraction of the s-phase demonstrated a complex depen-
dence on the Cr concentration. After annealing at 800 �C, the
amount of the s-phase increased from 37% in the AlNbTiV alloy to
65% in the AlCrNbTiV and then lowered to 45% in the AlCr1.5NbTiV
alloy. After annealing at 1000 �C, the volume fraction of the s-phase
was maximum in the AlNbTiV alloy (35%) and decreased with an
increase in the Cr fraction to ~ 1% in the AlCr1.5NbTiV alloy (Fig. 5a).
The Cr2Nb-type C14 Laves phase was found only in the AlCrxNbTiV
(x¼ 1; 1.5) alloys; its volume fraction was not affected significantly
by annealing at 800 �C but considerably increased after annealing
at 1000 �C (Figs. 1a and 5a). In the AlNbTiVZrx (x¼ 0.5e1.5) alloys,
the volume fractions of the Zr5Al3-type and ZrAlV-type C14 Laves
phases after annealing both at 800 �C or 1000 �C coincided with
those in the initial condition (Figs. 1b and 5b).

3.4. Effect of annealing at 800 �C on mechanical properties of the
Al-Cr-Nb-Ti-V-Zr alloys

Individual mechanical properties of the constitutive phases of
the Al-Cr-Nb-Ti-V-Zr alloys after annealing at 800 �C for 100 h were
characterized using nanoindentation (Fig. 6). In the AlNbTiV alloy,
the nanohardness of the s-phase was ~2 times higher than that of
B2 phase (985 HV and 525 HV, respectively (Fig. 6a)). Due to a very
fine size of the s-phase in the AlCrxNbTiV (x ¼ 0.5e1.5) alloys,
indentation of a mixture of the B2 and s-phases was performed.
ealing at 1000 �C. Chemical compositions of the numbered structural constituents are



Fig. 5. Dependences of the volume fractions of the constitutive phases in the AlCrxNbTiV (a) and AlNbTiVZrx (b) (x¼ 0e1.5) alloys after annealing at 800 �C or 1000 �C.

Table 2
Chemical compositions and volume fractions of the structural constituents of the AlNbTiV, AlCr0.5NbTiV and AlCrNbTiV alloys after annealing at 1000 �C. Analyzed areas are
denoted in Fig. 4.

Elements, аt.% Al Cr Nb Ti V Zr Volume fraction, %

Constituents AlNbTiV
N� Designation
1 B2 matrix phase 24.6 e 18.8 28.7 27.9 e 65± 2
2 Nb2Al-type s-phase 31.8 e 33.3 20.3 14.6 e 35± 3
Alloy composition 27.6 e 24.1 24.8 23.5 e e

AlCr0.5NbTiV
1 B2 matrix phase 23.0 11.0 18.9 22.9 24.2 e 75± 2
2 Nb2Al-type s-phase 26.8 6.6 33.6 19.1 13.9 e 25± 2
Alloy composition 25.2 10.3 22.3 21.4 20.8 e e

AlCrNbTiV
1 B2 matrix phase 22.1 18.1 18.3 20.6 20.9 e 53± 3
2 Cr2Nb-type C14 Laves phase 15.4 35.6 25.5 9.7 13.8 e 35± 3
3 Nb2Al-type s-phase 33.8 2.5 33.4 21.4 8.9 e 12± 1
Alloy composition 22.9 18.8 20.2 19.3 18.8 e e
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Given the high hardness of the s-phase, there is no surprise that the
B2þs mixture was much harder than the B2 phase solely (Fig. 6a).
The nanohardness of the B2þs mixture in the AlCrxNbTiV
(x¼ 0.5e1.5) alloys increased from 1035 HV for the AlCr0.5NbTiV
alloy to 1275 HV for the AlCrNbTiV alloy and then lowered to 1075
HV for the AlCr1.5NbTiV alloy (Fig. 6a).

In the AlNbTiVZrx (x¼ 0.5e1.5) alloys, the nanohardness of the
B2 matrix showed a weak dependence on Zr content e it increased
from 475 HV in the AlNbTiVZr0.5 alloy to 515 HV in the AlNbTiVZr1.5
alloy (Fig. 6b). Measurements of the nanohardness of the other
phases, namely the Cr2Nb-type C14 Laves phase in the AlCrxNbTiV
(x¼ 1; 1.5) alloys, and the Zr5Al3-type and ZrAlV-type C14 Laves
phases in the AlNbTiVZrx (x¼ 0.5e1.5) alloys were also performed
(Fig. 6). The highest (1135e1155 HV) nanohardness was found for
the Cr2Nb-type C14 Laves phase, the lowest (800e820 HV)e for the
ZrAlV-type C14 Laves phase. The Zr5Al3-type phase demonstrated
close hardness (990e1005 HV) to that of the s-phase (985 HV).

To evaluate the effect of annealing at 800 �C on mechanical
properties of the studied alloys, room-temperature compression
tests were performed. Fig. 7 illustrates engineering stress-strain
curves obtained during compression of the AlNbTiV, AlCr0.5NbTiV,
AlCrNbTiV, AlNbTiVZr0.5, and AlNbTiVZr alloys after annealing at
800 �C; corresponding mechanical properties are summarized in
Table 3. Mechanical properties of the alloys in the initial condition
are also shown in Table 3 for the comparison. In the AlNbTiV alloy,
together with the increased yield strength, the deformation to
fracture lowered from 6% in the initial condition to 0.2% after
annealing at 800 �C. Both the AlCr0.5NbTiV and AlCrNbTiV alloys
fractured in the elastic region without any plastic strain. Annealing
at 800 �C decreased ductility of the AlNbTiVZr0.5 alloy, though it
retained on a reasonable level (9.8%). Ductility of the AlNbTiVZr
alloy also reduced after annealing at 800 �C, but its strength
properties, as well as those of the AlNbTiVZr0.5 alloy, were very
comparable with the initial ones (Fig. 7, Table 3).
3.5. Phase diagrams

Quasi-binary AlNbTiV-Cr and AlNbTiV-Zr phase diagrams con-
structed using the Thermo-Calc software are pictured in Fig. 8.
According to Fig. 8a, the AlCrxNbTiV alloys solidified through the
bcc phase. The liquidus and solidus temperatures were not signif-
icantly affected by the Cr content. The diagram predicted the pre-
cipitation of the binary Ti3Al phase and multicomponent s and C14
Laves phases at lower temperatures. Both the sequence of precip-
itation and the solvus temperatures of those phases showed a
strong dependence on the Cr concentration. The Ti3Al precipitated
from the bcc phase as a primary phase at 0 � Cr < 0.1; in the alloys
with a higher Cr concentration it was present in multiphase (3e4
phases) fields. The solvus temperature of this phase was in a range
of 680e550 �C and decreased monotonically with Cr addition. The



Fig. 6. Nanohardness of the constitutive phases in the AlCrxNbTiV (a) and AlNbTiVZrx (b) (x¼ 0e1.5) alloys after annealing at 800 �C.

Fig. 7. Engineering stress-strain curves obtained during compression at T¼ 22 �C of
the AlNbTiV, AlCr0.5NbTiV, AlCrNbTiV, AlNbTiVZr0.5, and AlNbTiVZr alloys after
annealing at 800 �C.

Table 3
The room-temperature (T¼ 22 �C) compression yield strength (sYS), peak stress
(sp), and fracture strain (ε) of the AlNbTiV, AlCr0.5NbTiV, AlCrNbTiV, AlNbTiVZr0.5,
AlNbTiVZr alloys in the initial condition and after annealing at 800 �C.

Condition Initial [11,13,17] 800 �C, 100 h

Alloy sYS, MPa sp, MPa ε,% sYS, MPa sp, MPa ε,%
AlNbTiV 1000 1280 6.0 1260 1260 0.2
AlCr0.5NbTiV 1300 1430 0.8 1210 1210 0
AlCrNbTiV 1550 1570 0.4 625 625 0
AlNbTiVZr0.5 1485 e >50 1445 1705 9.8
AlNbTiVZr 1500 1675 3.0 1490 1575 1.8
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s-phase, enriched with Al, Cr, and Nb, was found only in Cr-
containing alloys. In the alloys with 0.1 < Cr < 0.5 the s-phase
was the first to precipitate from the primary bcc. Its solvus tem-
perature increased first and reached the maximum (787 �C) at the
Cr fraction z 0.5, then fell down to ~ 630 �C at the Cr
concentration¼ 1.5. The C14 Laves phase, enrichedwith Cr, Nb, and,
to a lesser extent, Al, precipitated from the bcc solid solution when
Cr > 0.5. The solvus temperature of the C14 Laves phase increased
gradually from ~800 �C to ~1500 �C; the bccþC14 Laves field
expanded pronouncedly with an increase in the Cr concentration.

The AlNbTiVZrx alloys also solidified through the bcc phase
(Fig. 8b). Contrary to Cr, Zr pronouncedly decreased both liquidus
and solidus temperatures. The diagram suggested the formation of
intermediate phases including the Ti3Al and a variety of ZrxAly-type
phases of different stoichiometry at temperatures belowz1100 �C.
Similarly to the AlNbTiV-Cr diagram, the solvus temperature of the
Ti3Al phase gradually decreased from 680 �C to 500 �C when the
fraction of Zr increased to ~0.75. Therefore, Ti3Al was expected to
precipitate first only in a very narrow range of Zr concentrations,
from 0 to 0.5 at.%. At higher Zr concentrations, the ZrxAly-type
compounds appeared first. The exact stoichiometry of the com-
pounds shifted toward higher Zr/lower Al (i.e. ZrAl / Zr5Al4 /

Zr4Al3 / Zr3Al2) with an increase in Zr concentration in the alloys.
The predicted chemical composition of the ZrxAly-type compounds
closely corresponded to their stoichiometric formula. The solvus
temperature of the Zr-Al-rich phases raised parabolically up to
~1100 �C at Zr fraction of ~0.5 and then stagnated.
4. Discussion

4.1. Phase stability of the Al-Cr-Nb-Ti-V-Zr alloys with different Cr
and Zr contents

In the present study, the stability of the initial structures of the
AlCrxNbTiV and AlNbTiVZrx (x¼ 0e1.5) alloys after annealings at
800 �C or 1000 �C for 100 h was evaluated. In the initial condition,
both Cr and Zr addition to the single B2 phase AlNbTiV alloy
resulted in the formation of Cr/Zr-rich second phases; the fraction
of the second phases increased in proportion to the Cr/Zr concen-
tration (Fig. 1). However, after annealing at 800 �C or 1000 �C, the
alloys demonstrated the distinctively different behavior. The
structures of the AlCrxNbTiV (x¼ 0e1.5) alloys (including AlNbTiV
alloy) were substantially affected by annealing at 800 �C or 1000 �C.
The annealing response of these alloys was primarily associated
with the precipitation of the Nb2Al-type s-phase. The amount of
the s-phase showed a complicated relationship both on Cr con-
centration and annealing temperature. Meanwhile, the structure of
the AlNbTiVZrx (x¼ 0.5e1.5) alloys was barely affected by the
annealings. The difference in the annealing response of the Al-Cr-
Nb-Ti-V-Zr alloys with different Cr and Zr concentration is
analyzed in detail below.
4.1.1. Effect of Cr
The s-phase found in the AlCrxNbTiV (x¼ 0e1.5) alloys was

predominantly composed of Nb and Al (Tables 1 and 2). The s-
phase of similar type after deformation/annealing at 700e1000 �C
in the AlNbTiV and AlCr0.5NbTiV alloys has already been reported in



Fig. 8. Calculated quasi-binary AlNbTiV-Cr (a) and AlNbTiV-Zr (b) phase diagrams.
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Refs. [13,39]. The similar phasewas found in TiAlNb-based alloys: in
the Ti-45Al-27Nb and Ti-45Al-22Nb-5Cr alloys with bþgþs
structures [51] and in the Ti-45Al-22Nb-5Cr, Ti-45Al-18Nb-5Cr-
1Mo, Ti-45Al-14Nb-5Cr-1Mo and Ti-45Al-18Nb alloys with gþs
structures [52]. In the TiAlNb-based alloys, alloying with Cr was
shown to reduce the transformation kinetics and the solvus tem-
perature of the s-phase [51], but had no effect on its volume frac-
tion. The main factor controlling the s-phase's amount was the Nb
concentration [52]: a decrease in the Nb content led to a lower
fraction of the s-phase. In the studied AlCrxNbTiV alloys, the Nb
concentration in the B2 matrix phase of the initial condition
reduced with an increase in the Cr fraction [13]. It can be associated
with: (i) proportional decrease in the concentration of other (than
Cr) constitutive elements in the AlCrxNbTiV alloys with an increase
in the Cr content; (ii) preferred segregation of Nb in the C14 Laves
phase in the AlCrxNbTiV (x¼ 1; 1.5) alloys. Assuming that the Nb
content controls the volume fraction of the s-phase in the
AlCrxNbTiV alloys, a gradual reduction in the s-phase amount with
Cr addition can be expected. Indeed, such dependence was
observed after annealing at 1000 �C: the fraction of the s-phase
gradually decreased from 35% to 1% (Fig. 5a). In case of the
AlCrNbTiV and AlCr1.5NbTiV alloys, the response to the annealing at
1000 �C was predominantly associated with an increase in the C14
Laves phase fraction (Fig. 5a) which is in reasonable agreement
with the equilibrium phase diagram constructed by the Thermo-
Calc software (Fig. 8a). The microstructure morphology suggests
that the increase in the Laves phase fraction was mostly related to
the growth of the existed particles rather than with the precipita-
tion of new ones (Fig. 4c).

However, a more complex non-monotonic dependence of the s-
phase fraction was found after annealing at 800 �C: it increased
gradually with an increase in the Cr fraction from 0 to 1 and then
decreased slightly (Fig. 5a). Also note, that contrary to the annealing
at 1000 �C, the fraction of the Laves phase in the AlCrNbTiV and
AlCr1.5NbTiV alloys was not affected significantly. Complex changes
of the constitutive phases' fractions can be expected in the alloys
with three-phase fields in phase diagrams. For example, the de-
pendences of a fraction of constitutive phases in the AlCr0.5NbTiV,
AlCrNbTiV, and AlCr1.5NbTiV alloys on temperature (constructed by
the Thermo-Calc) is shown in Fig. 9. One can clearly see that at
temperatures below 600 �C the fractions of the s-phase in the
AlCr0.5NbTiV and AlCrNbTiV alloys are nearly equal, whereas the s-
phase fraction in the AlCr1.5NbTiV alloy is considerably lower than
in the first two alloys. This result is in reasonable agreement with
the experimental data for the AlCrxNbTiV (x¼ 0.5e1.5) alloys after
annealing at 800 �C.

Moreover, in the AlCrNbTiV and AlCr1.5NbTiV alloys in the two-
phase field (bccþLaves) a decrease in temperature results in a
continuous increase in the Laves phase fraction (Fig. 9b and c).
However, in the three-phase field (bccþLavesþs) the fraction of the
bcc and Laves phases decreases continuously while the s-phase
fraction increases. That is most probably why the annealing at
800 �C resulted in the precipitation of the s-phase particles but the
fraction of the Laves phase almost did not change in comparison
with the initial condition.

But, although the Thermo-Calc describes the phase equilibria in
the AlNbTiV-Cr alloys rather suitably, details of the produced phase
diagrams are mostly incorrect. For example, the experimental data
suggest that the solvus temperature of the s-phase in the studied
AlCrxNbTiV (x¼ 0e1.5) alloys is within the interval of
1000e1200 �C, whereas the predicted s-phase had the maximum
solvus temperature of 787 �C. Moreover, according to the calcula-
tions, the s-phase precipitation does not occur in the AlNbTiV alloy
at temperatures above 500 �C, and the chemical composition of the
experimentally observed phase significantly differs from that of the
predicted one (the predicted phase is expected to be Cr-rich, while
the experimental one is almost free of Cr (Tables 1 and 2)). These
inaccuracies can possibly be attributed to the absence of the ternary
Al-Nb-Ti diagram in the TCHEA2 database [53]. Among the
constitutive ternaries of the Al-Nb-Ti-V system, only the Al-Nb-Ti
contains a description of the Nb2Al-type s-phase [54]. In addi-
tion, the matrix bcc phase in the initial condition is predicted to be
disordered, while the experimental matrix phase has the B2 or-
dered structure.
4.1.2. Effect of Zr
The Zr-containing alloys were different from the AlNbTiV and its

Cr-containing variants in (i) absence of the s-phase after annealing
at 800 �C or 1000 �C and (ii) very small variation in the fraction of
constitutive phases (Figs. 1 and 5b). The role of Zr in the preventing
the s-phase appearance most likely originates from a firm ten-
dency to form its own very stable compounds. For instance, Wen
et al. [55] reported that a small Zr addition can inhibit the s-phase
in a stainless steel during a long-term aging due to the preferable
formation of a ZrC-carbide instead of a G-phase which serves as a
nucleation site for the s-phase. In our case, Zr apparently sup-
pressed the Nb2Al-type s-phase due to higher than Nb affinity to Al
[56,57] by trapping Al into ZrAl-rich phases, namely Zr5Al3-type
and ZrAlV-type C14 Laves, which had formed in the initial condition
(Fig. 1b).

Meanwhile, the Zr5Al3-type and ZrAlV-type C14 Laves phases
were almost unaffected by the annealing at 800 �C or 1000 �C. The
presented data show that the phase composition of the AlNbTiVZrx
(x¼ 0.5e1.5 alloys) is insensitive to annealing at temperatures in
the range of 800e1200 �C, however strongly depends on the Zr
content. Such behavior can be anticipated from the AlNbTiV-Zr



Fig. 9. Dependence of the fraction of the equilibrium phases on temperature obtained using the Thermo-Calc software in the AlCr0.5NbTiV alloy (a); AlCrNbTiV alloy (b);
AlCr1.5NbTiV alloy (c).
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phase diagram (Fig. 8b). The relatively rapid growth of the solvus
temperature of the second phases with an increase in the molar
fraction of Zr to z0.5 and a nearly constant solvus temperature of
the second phases in the alloys with a higher Zr fraction implies the
relative stability of the phase composition of the AlNbTiVZrx
(x¼ 0.5e1.5) alloys in the multi-phase fields.

However, the constructed AlNbTiV-Zr phase diagram incorrectly
predicts many aspects of the phase equilibria in the AlNbTiVZrx
(x¼ 0.5e1.5) alloys. For instance, the solvus temperature of the
second phases, according to the experimental data, is above
1200 �C, while the predicted solvus temperature isz 1100 �C. The
predicted type of the second phases is also incorrect; the Zr5Al3-
type and ZrAlV-type C14 Laves phases were found instead of ZrxAly-
type phases of different stoichiometry. Partially, this discrepancy
can be attributed to an incorrect assessment of the homogeneity
range of the Zr5Al3-type phase. The predicted phase has a nearly
stoichiometric composition while the experimental one contains
~30 at.% (in total) of Nb, Ti, and V (Table 1). Also, the addition of Zr
mostly results in the formation of the C14 Laves phase (Figs. 1b and
5b) that is not predicted by the Thermo-Calc most probably due to
limitations of the commercial database used in this study.

Integrally, the comparison between the predicted AlNbTiV-Cr
and AlNbTiV-Zr phase diagrams and the experimental data on
phase composition of the AlCrxNbTiV and AlNbTiVZrx (x¼ 0e1.5)
alloys demonstrated that although the Thermo-Calc predictions
give right ideas about phase equilibria and transformations in
general, the accurate assessment of the solvus temperatures, type
of phases, their chemical compositions and fractions in the Al-Cr-
Nb-Ti-V-Zr alloys using the available commercial database for
high-entropy alloys is impossible at the moment.
4.2. Effect of annealing on mechanical properties of the Al-Cr-Nb-
Ti-V-Zr alloys

The effect of annealing on mechanical properties of the
AlNbTiV-based alloys with Cr and Zr is significantly different
(Figs. 2 and 7, Table 3). The microhardness of the AlCrxNbTiV
(x¼ 0e1.5) alloys, including the AlNbTiV alloy, pronouncedly
increased after annealing at 800 �C (Fig. 2a), whereas hardness of
the AlNbTiVZrx (x¼ 0.5e1.5) alloys was barely affected (Fig. 2b).
The difference in the microhardness can be possibly associated
with the changes in phase compositions of the alloys upon
annealing. Quantitative estimation of the effect of phase composi-
tions of the studied alloys on their hardness can be done using the
rule of a mixture (ROM) [13]. As the volume fraction and hardness
of each phase are known for samples annealed at 800 �C, the
following formula can be used:

HVoverall ¼
�
VB2*HVB2 þ Vs*HVs þ VB2þs*HVB2þs

þ VLavesðCr2NbÞ*HVLavesðCr2NbÞ þ VZr5Al3*HVZr5Al3

þ VLavesðZrAlVÞ*HVLavesðZrAlVÞ
�
*k (1)

where VB2, Vs, VB2þs, VLaves(Cr2Nb), VZr5Al3, and VLaves(ZrAlV) are the
volume fractions of the B2, s, B2þsmixture, Cr2Nb-type C14 Laves,



Fig. 10. Comparison between experimental and calculated microhardness of the AlCrxNbTiV (a) and AlNbTiVZrx (b) alloys after annealing at 800 �C.
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Zr5Al3-type, and ZrAlV-type C14 Laves phases, respectively, taken
from Table 1 and data pictured in Fig. 5; HVB2, HVs, HVB2þs, HVLa-

ves(Cr2Nb), HVZr5Al3, and HVLaves(ZrAlV) are the nanohardnesses of the
corresponding phases and the following values were used for the
calculations: HVB2¼ 515 HV; HVs¼ 1000 HV; HVB2þs¼ 1030 HV
(AlCr0.5NbTiV), 1280 HV (AlCrNbTiV), 1080 HV (AlCr1.5NbTiV);
HVLaves(Cr2Nb)¼ 1150 HV; HVZr5Al3¼1000 HV; HVLaves(ZrAlV)¼ 820
HV; k e the correction factor calculated as a ratio between the
microhardness and nanohardness values of the B2 phase in the
AlNbTiV alloy in the initial condition (Fig. 1), equals to 0.85. Note
that the measurements of the nanohardness of individual phases in
the fine B2þs mixture in the AlCrxNbTiV (x ¼ 0.5e1.5) alloys was
impossible and therefore nanohardness of the B2þs mixture was
used.

The hardness values, calculated using equation (1), are in good
agreement with the experimental data (Fig. 10). A good correlation
between the experimental hardness and ROM predictions indicates
that the increase in the hardness in the AlCrxNbTiV (x¼ 0e1.5)
alloys is associated with the precipitation of the hard s-phase. The
higher fraction of the s-phase in the AlCrxNbTiV (x¼ 0e1.5) alloys
after annealing at 800 �C is likely to be the reason of the higher
hardness in comparisonwith that after annealing at 1000 �C (Figs. 2
and 5a). Note that the increase in the Laves phase fraction in the
AlCrNbTiV and AlCr1.5NbTiV alloys after annealing at 1000 �C
should also contribute to hardening. Meanwhile, the hardness of
the AlNbTiVZrx (x¼ 0.5e1.5) alloys is weakly affected by the
annealing because of stability of their microstructure.

The compression tests have also revealed a considerable effect
of the annealing at 800 �C on mechanical properties of the alloys
(Fig. 7, Table 3). These changes were primarily associated with
ductility of the alloys rather than their strength. For instance, the
ductility of the AlNbTiV alloy dropped from 6% to 0.2% after
annealing. Apparently, such pronounced embrittlement is due to
the precipitation of a large amount of the s-phase particles [58].
The s-phase is well known for its brittleness [59]. At the same time,
the regions containing the s-phase are likely not to be actively
involved in plastic deformation; therefore the yield strength
showed only a moderate increase (1260MPa vs 1000MPa). The
AlCr0.5NbTiV and AlCrNbTiV alloys fractured in the elastic region,
most probably due to the even higher amount of the fine s pre-
cipitates that can limit the capacity of plastic deformation of the B2
matrix (Fig. 3). The very low yield strength of the AlCrNbTiV alloy
after annealing is likely the result of the premature fracture even in
compression due to the extreme brittleness of the alloy composed
mostly of intermetallic phases (Fig. 5a).

The absence of significant changes in the phase composition of
the AlNbTiVZrx (x¼ 0.5e1.5) alloys suggests stability of the
mechanical properties. Indeed, the annealing at 800 �C barely af-
fects the yield strength of the AlNbTiVZr0.5 and AlNbTiVZr alloys
(Table 3). But, although the annealed AlNbTiVZr0.5 alloy demon-
strated reasonable compression ductility of 9.8%, it is much lower
than that in the initial condition [14]. Ductility of the AlNbTiVZr also
decreased after annealing. The reasons of the reduced ductility of
the alloys are unclear at the moment; apparently, it cannot be
associated with the small changes in the phase composition after
annealing (compare Figs. 1 and 5b). Probably, annealing can result
in changes of the long-range order parameter of the B2 phase
which was recently found to have a decisive effect on the ductility
of the AlNbTiVZrx alloys [17]. However, further studies are required
to verify this assumption.

To sum up, the relative stability of the microstructure and me-
chanical properties of the AlNbTiVZrx (x¼ 0.5e1.5 alloys) after
annealing at temperatures of 800 �C or 1000 �C together with high
strength at temperatures up to 800 �C [17] confirm their potential
as high-temperature materials. At the same time, the AlCrxNbTiV
(x¼ 0e1.5) alloys suffer from the precipitation of the s-phase and
drastic embrittlement after annealing. This behaviormay limit their
potential applications despite impressive high-temperature
strength [13].
5. Conclusions

In this study the effect of annealing at 800 �C or 1000 �C for
100 h on the initial structure and mechanical properties of the re-
fractory Al-Cr-Nb-Ti-V-Zr high-entropy alloys with different Cr and
Zr concentrations was studied and following conclusions were
drawn:

1) In the initial condition (annealing at 1200 �C for 24 h), the
AlNbTiV and AlCr0.5NbTiV alloys were composed of the B2 phase
while the AlCrNbTiV and AlCr1.5NbTiV alloys had the B2 and
Cr2Nb-type C14 Laves phases. Annealing at 800 �C or 1000 �C
resulted in the precipitation of the Nb2Al-type s-phase,
enriched with Nb and Al, and an increase in the fraction of the
Laves phase in the AlCrNbTiV and AlCr1.5NbTiV alloys at 1000 �C.

2) The AlNbTiVZrx (x¼ 0.5e1.5) alloys in the initial condition
consisted of the B2, Zr5Al3-type, and ZrAlV-type C14 Laves
phases. The fraction of the second phases increased with an
increase in the Zr content. Annealing at 800 �C or 1000 �C led to
insignificant changes in the volume fraction of the constitutive
phases.

3) Equilibrium quasi-binary AlNbTiV-Cr and AlNbTiV-Zr phase di-
agrams were constructed using the Thermo-Calc software and
the TCHEA2 database. The comparison between the Thermo-
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Calc predictions and the experimental data showed that rough
predictions of the phase equilibria in the studied Al-Cr-Nb-Ti-V-
Zr alloys can be made using the commercial software and
database, whereas the predicted phase transformation tem-
peratures, types and chemical compositions of constitutive
phases are generally incorrect.

4) Annealing of the AlCrxNbTiV (x¼ 0e1.5) alloys at 800 �C or
1000 �C led to an increase in the microhardness. The highest
value, 1095 HV, was demonstrated by the AlCrNbTiV alloy after
annealing at 800 �C. It was revealed that hardening of the alloys
was associated with the precipitation of the s-phase. The
microhardness of the AlNbTiVZrx (x¼ 0.5e1.5) alloys was not
affected by the annealing.

5) Annealing at 800 �C pronouncedly affected compression
ductility of the studied alloys. Ductility of the AlNbTiV,
AlCr0.5NbTiV, and AlCrNbTiV alloys dropped to 0e0.2%. The
strong decrease in ductility was associated with the precipita-
tion of the brittle s-phase. Ductility of the AlNbTiVZr0.5 and
AlNbTiVZr alloys also decreased, for instance, compression
ductility of the AlNbTiVZr0.5 alloy was >50% and 9.8% in the
initial condition and after annealing at 800 �C, respectively.
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