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Structure, deformation behavior, and mechanical properties of a refractory Al,oCrqoNb5Ti0V25Zr10 high
entropy alloy are reported. In the as-cast state, the alloy had a composite-like hypoeutectic microstruc-
ture comprised of a softer primary B2 phase and a harder eutectic mixture consisting of a C14 Laves and
the B2 phases. Annealing at 1200 °C retained the composite-like constitution and led to the formation of a
small amount of a ZrsAls-type phase. The annealing also had a positive effect on strength and ductility of
the alloy at 22 and 800 °C; compatibility of plastic deformation at 800 °C can be ascribed to the relative
softness of the B2 phase. Reasonable agreement was found between the experimental structures and the
results of thermodynamic modeling.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The recently introduced concept of refractory high entropy
alloys (RHEAs) has illustrated a new way to develop metallic alloys
with attractive high-temperature mechanical properties [1]. Some
RHEAs demonstrate superiority over titanium aluminides and
nickel-based superalloys in specific strength at T < 1200 °C
[2-4]. The ability to produce a superalloy-like bcc/B2 microstruc-
ture is considered promising for obtaining a balanced combination
of properties [5,6]. However, many of the examined RHEAs contain
different intermetallic phases, for example, the Laves phase,
ZryAly, or MsSis [4,7-12]. Therefore, it is still unclear what
type of microstructure is more suitable for the best properties
obtaining [13].

An attractive option can be associated with the creation of an
in situ composite consisting of two phases which possess substan-
tially different hardness. For example, Laves phase-based alloys
can have high strength at elevated temperatures but are brittle
at ambient temperature [14]. One of the possible ways to attain
better properties can be related to inserting a more ductile phase,
like an ordered B2 one [15]. A eutectic B2 + Laves phase structure
can, therefore, provide more tolerable toughness and improved
high-temperature strength rather than the Laves phase or B2 inter-
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metallics alone. However, there is minimal information on in situ
RHEAs-based composites so far [9,11].

In this letter, we report the structure and mechanical properties
of an AlyoCrigNb5TiygV,5Zr1¢ high entropy alloy with a B2/Laves
phase composite-like structure.

2. Materials and methods

The alloy with a nominal composition of AlygCrigNb5TizgV2s5-
Zryo was produced by vacuum arc melting of pure (>99.9 wt%) ele-
ments. The actual chemical composition is given in Table 1.

The phase composition and microstructure of the alloy were
studied for both the as-cast and annealed at 1200 °C for 24 h states
using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). XRD analysis was performed using a RIGAKU diffractometer
and Cu Ko radiation. Lattice strain was evaluated using the well-
known Williamson-Hall method [16]. SEM investigations were
performed on an FEI Quanta 600 FEG or a Nova NanoSEM 450
microscopes equipped with an energy-dispersive (EDS) and an
electron backscattered diffraction (EBSD) detectors. The density
of the alloy was measured via hydrostatic weighting. Compressive
tests were performed using rectangular specimens measured
6 x 4 x 4 mm°> on an Instron 300LX machine at 22 and 800 °C
and the initial strain rate of 10~ s~!. The Scheil solidification path
and equilibrium phase diagram were conducted using a Thermo-
Calc 2019b software and TCHEA3 database.
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Table 1
Chemical composition of the structural constituents of the Al,oCrioNb;sTizoV25Zr10 alloy. The corresponding constituents are identified in Fig. 1b-e.
Elements, at.% Al Cr Nb Ti \% Zr Microhardness, HV
Constituents designation
Alloy composition 213 9.7 12.7 18.7 27.2 10.4
Condition As-cast
B2 phase 17.8 9.0 153 20.6 335 3.8 665 * 20
Eutectic C14 Laves + B2 24.1 109 10.9 153 22.0 16.8 820 + 30
Condition Annealed at 1200 °C, 24 h
B2 phase 16.8 8.0 16.0 24.1 32.1 3.0 320+ 25
C14 Laves phase 27.7 12.6 9.1 9.1 19.8 21.7 460 + 40
ZrsAls-type phase 35.7 13 11.7 123 6.3 32.7 600 + 50
S eB2 AC14Llaves ®ZrAl,
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Fig. 1. XRD pattern (a) and microstructure of the as-cast (b, c) and annealed (d, e) Al,oCr;oNb;5TixoV25Zr10 alloy; b, d - SEM-BSE images; c, e - phase maps (red color - B2
phase, green - C14 Laves phase, blue - ZrsAl;-type phase). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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3. Results and discussion

According to XRD analysis (Fig. 1a), the as-cast AlyoCrigNbs-
TiyoVasZrip alloy had a dual-phase structure presented by an
ordered B2 phase and a C14 (hcp) Laves phase. Annealing led to
the appearance of a new hexagonal ZrsAls-type phase (Fig. 1a).

Combined SEM and EBSD analysis revealed that the as-cast
RHEA possessed a microstructure comprised of the primary B2
phase, enriched with Nb, Ti, and V (Table 1), separated by eutectic
(C14 Laves + B2) lamellar regions (Fig. 1b, c¢) enriched with Al, Cr,
and Zr (Table 1). The volume fraction of the B2 and C14 Laves
phases were 58% and 42%, respectively.

The annealed microstructure of the alloy inherited, in general,
the composite-like constitution of the as-cast state (Fig. 1d, e).
However, annealing resulted in (i) elimination of the lamellar
structure and globularization/coalescence of the B2 phase in the
eutectic C14 Laves + B2 regions and (ii) formation of the (Zr,Al)-
rich particles (ZrsAls-type phase) on B2/C14 Laves phase interfaces
(Fig. 1c, d). The estimated volume fractions of the B2, C14 Laves,
and ZrsAls-type phases were found to be 61%, 36%, and 3%,
respectively.

According to the Scheil-Gulliver model (Fig. 2a), the solidifica-
tion of the RHEA started at ~ 1650 °C and terminated
at ~ 1300 °C following the consequence L — L + bcc — L + bcc +
C14 Laves. The equilibrium phase diagram predicted a narrow
single-phase bcc region between 1560 and 1512 °C which then fol-
lowed by the formation of the (Zr,AlCr)-rich C14 Laves phase
(Fig. 3b). The C14 Laves phase fraction increased with a decrease
in temperature till ~1100 °C and then remained almost constant
(~0.31). Both the Scheil-Gulliver model and equilibrium phase dia-
gram reasonably predict the type, chemical composition, and frac-
tion of the C14 Laves phase. Also, the Scheil-Gulliver model
accurately predicts the hypoeutectic morphology of the as-cast
structure. Meanwhile, the B2 ordering and the ZrsAls-type phase
formation are not predicted, apparently due to the limitations of
the existing databases [17].

Fig. 3 presents compressive stress—strain curves of the RHEA in
the as-cast and annealed states. At 22 °C, the as-cast RHEA frac-
tured in the elastic region at ~1000 MPa (Fig. 3a); meanwhile,
the annealed RHEA demonstrated rather a high yield strength of
1535 MPa along with some ductility (¢ = 0.6%, Fig. 3b). Microhard-
ness measurements (Table 1) revealed the pronounced softening of
both the B2 and C14 Laves phases after annealing. The lattice strain
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of the B2 phase in the as-cast state (¢ = 0.1589) was ~2 times
higher than that of annealed state (¢ = 0.0852). This finding sug-
gests the softening can be associated with internal stress relieving.
The latter, along with globularization/coalescence of the B2 phase
in the eutectic regions, can result in ductility improvement.

At 800 °C, stress—strain curves of the RHEA in both states had a
pronounced softening stage after reaching peak stress. As a result
of annealing, the yield strength of RHEA increased from 720 MPa
to 1000 MPa. Partially this effect can be caused by the ZrsAls-
type phase formation [18]; however, a small fraction (3%) of this
phase is hardly sufficient for such a substantial strength increment
(~40%). Other factors, including changes in B2 ordering degree [8],
can contribute to the high-temperature strength, but to establish
their exact contribution, further investigations are needed. Never-
theless, the specific strength of the annealed RHEA was as high as
180 kPa*m>/kg (p = 5.55 + 0.02 g/cm?) indicating that it is one of
the strongest RHEAs at 800 °C [1] most probably due to a
composite-like structure with a continuous network of the hard
Laves phase (Fig. 1).

To shed light on the deformation behavior of the AlyoCrigNbs-
TiyoV25Zr1 alloy, microstructure in the annealed state after com-
pression at 800 °C was analyzed. SEM images showed
predominant localization of deformation in the softer B2 phase
(Table 1, Fig. 3¢, d), which ensures compatibility of plastic flow
between phases and prevents propagation and coalescence of mul-
tiple microcracks formed in the C14 Laves and ZrsAls-type phases.
Since deformation at 800 °C does not result in the formation of vis-
ible grain/subgrain structure, the observed decrease in the flow
stress at €~10% can rather be associated with intensive dynamic
recovery rather than dynamic recrystallization. Tiny (150-
300 nm) Nb,Al-type particles (volume fraction ~ 2-3%) can be seen
in the B2 phase after deformation at 800 °C; a similar effect was
earlier observed in the AlCr(o_o5)NbTiV alloys [4]. Generally, the
deformation behavior of the Al,oCrigNb;5TizgV25Zr19 alloy is very
similar to that observed in the NbNiAl-NiAl alloys with a eutectic
C14 Laves + B2 structure [15].

In summary, the presented data show that the Al;oCrgNb;5Tizo-
V,5Zr1o RHEA can be considered as in situ composite consisting of
the soft B2 and hard C14 Laves phases mixture (Fig. 1). After
annealing, the alloy had some plastic ductility at 22 °C and high
specific strength at 800 °C (Fig. 3). Besides, both experimental
results and Thermo-Calc calculation (Figs. 1 and 2) suggested com-
posite structure stability. Therefore, the Al,gCrioNb;5TizgV25Zr19
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Fig. 2. Scheil solidification path (a) and equilibrium phase diagram (b) of the Al,oCr;0Nb;5TizoV25Zr10 alloy.
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Fig. 3. Compressive stress—strain curves of the Al;oCr;0Nb;5Tiz0V25Zr10 alloy (a, b) and microstructure of the specimen in the annealed state compressed at 800 °C to 50%; ¢, d

- SEM-BSE images; the compression axis is vertical.

alloy, as well as other in situ RHEAs composites [9,11] can be con-
sidered as promising materials for high-temperature applications.
However, further work is required to optimize the alloy’s proper-
ties, including high-temperature strength, ductility, and oxidation
resistance.

4. Conclusions

In this work, structure, deformation behavior, and mechanical
properties of in situ refractory AlygCrigNbysTizgVasZrie high
entropy alloy composite was examined and the following conclu-
sions were drawn.

1) In the as-cast state, the alloy had a hypoeutectic composite-
like microstructure consisted of the primary B2 and C14
Laves + B2 eutectic regions. Annealing at 1200 °C led to
the formation of a small amount ZrsAls-type phase and glob-
ularization/coalescence of the B2 phase in the eutectic
regions. Thermo-Calc reasonably predicted the solidification
structure and its stability.

2) The alloy had limited ductility at 22 °C but became ductile at
800 °C. Annealing improved both strength and ductility of
the alloy; the latter can be associated with increased plastic

flow compatibility due to the softer B2 phase. The specific
strength of the annealed alloy at 800 °C compared favorably
with other RHEAs.
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