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a b s t r a c t
High entropy alloys (HEAs) in the hexagonal close-packed (hcp) phase usually show poor mechanical properties.
We demonstrate here, by use of ab initio simulations and detailed experimental investigations, that the mechanical properties can be improved by optimizing the microstructure. In particular we design a dual-phase HEA
consisting of a body-centered cubic (bcc) matrix and hcp laths, with nanoprecipitates of the ω phase in the ScTi-Zr-Hf-Re system, by controlling the Re content. This dedicated microstructure reveals, already in the as-cast
state, high compressive strength and good ductility of 1910 MPa and 8%, respectively. Our study lifts the hcpbased HEAs onto a competitive, technological level.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
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In the recent decade, signiﬁcant efforts have been put forward in developing high entropy alloys (HEAs) [1–9]. The vast majority of HEAs
crystalizes on a face-centered cubic (fcc) or body-centered cubic (bcc)
lattice. More recently, hexagonal close-packed (hcp) HEAs have been
found [10–15]. Youssef et al. [10] obtained for example an
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Al20Li20Mg10Sc20Ti30 hcp HEA using heat-treated mechanically-alloyed
powders. Hcp solid solutions were also reported for equiatomic
CoFeReRu and CoReRuV [11]. Nearly single-phase hcp structures were
found in cast YGdTbDyLu, GdTbDyTmLu [12] and HoDyYGdTb [13] alloys. Mo-Ru-Rh-Pd and Mo-Tc-Ru-Rh-Pd alloys show the hcp phase
[16,17], which was investigated using ab initio calculations [18]. Despite
these works, the hcp HEA ﬁeld is still in its infancy, and it is therefore desirable to further enhance their microstructural and mechanical properties. An appealing path to improve the mechanical properties is by
tuning the phase composition or by introducing strengthening precipitates. For example, it is known that a mixture of bcc and hcp phases
leads to an optimal combination of strength and ductility for the conventional Ti-6Al-4 V wt% alloy [19].
In the present work the chemical composition of an hcp-based Sc-TiZr-Hf-Re HEA is optimized by tuning the Re content in order to obtain a
beneﬁcial dual-phase microstructure of hcp and bcc with ω
nanoprecipitates. The related equiatomic hcp ScTiZrHf HEA was studied
in detail in Ref. [14]. ScTiZrHf exhibits a mixture of two hcp solid solutions, a relatively low yield strength, and similarities to Ti alloys (similar
morphology [14] and ordering tendency when alloyed with Al [15]). For
Ti, it is known that Re stabilizes the bcc structure and affects material
properties [20]. In particular, Re considerably raises hardness, strength,
recrystallization temperature and corrosion resistance (Ref. [21] and
references therein). Ti-alloy properties can be also modiﬁed by the formation of the hexagonal ω phase [22,23]. In Refs. [24, 25] metastable βtitanium alloys with a variable Young's modulus were developed based
on deformation-induced ω. Lai et al. [26] studied the effect of the ω
phase on the deformation mechanism of a metastable Ti-Nb-based
alloy revealing an enhanced yield strength. Experimental studies on ω
phase formation in Re-containing Ti alloys are lacking so far. Only a single theoretical, ab initio based study was performed [20], showing the
possibility of ω formation in the Ti\\Re binary system.
The objective of the present work is to determine the impact of Re on
the as-cast microstructure and mechanical properties of the Sc-Ti-ZrHf-Re system. For that purpose, we choose the following set of HEAs:
Sc13Ti30Zr30Hf25Re2, Sc10Ti30Zr30Hf25Re5, and Sc7Ti30Zr30Hf25Re8 (at.%);
i.e., alloys with an increasing Re concentration at the expense of Sc,
which shows the strongest tendency for precipitation [14,15]. Another
guiding principle for decreasing Sc concentration is an improvement
of the economic factor. As a reference we compare our results to the previously investigated equiatomic Sc25Ti25Zr25Hf25 alloy. Ab initio calculations and detailed experimental investigations are conducted to
investigate the phase stability and to elucidate the impact of Re on microstructure and mechanical properties.
2. Methodological details
2.1. Material preparation
The alloys were prepared of elements of 99.99 wt% purity in an arc
melting furnace with a water-cooled copper plate under a protective
Ar atmosphere. High purity titanium was applied as a getter. To ensure
sufﬁcient homogenization, the alloys were re-melted 5 times. The samples of each batch were prepared with a target weight of 3.5 g and cylindrical shape of 10 mm in height and 10 mm in diameter. Overall alloy
compositions were determined using large area (1600 μm × 1600 μm)
Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy
(Table I). Since the alloy with 8 at.% Re showed high brittleness, this
alloy is omitted from most of our analyses below. All the newly designed
alloys solidiﬁed under conventional arc-melting and water-cooled
copper-mold cooling conditions.
2.2. Microstructural and mechanical properties analysis
All alloys were characterized in the as-cast state. Platelets with a
thickness of 4 mm were sectioned for the structural characterization

Table I
Overall compositions of the investigated alloys measured using large area Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy. Note that samples of local compositions of different nanostructures are summarized separately in Table A1.
Content (at.%)

Sc13Ti30Zr30Hf25Re2
Sc10Ti30Zr30Hf25Re5
Sc7Ti30Zr30Hf25Re8

Sc

Ti

Zr

Hf

Re

13.1
9.7
6.8

31.2
30.8
28.6

28.9
29.4
28.6

24.7
25.2
27.3

2.1
4.9
8.7

from the bottom of the cast. The X-ray measurements of the phase composition were performed using a D2 Phaser-Bruker diffractometer and
Co-Kα ﬁltered radiation. The microstructure was examined using a
scanning electron microscope FEI SEM XL30 (FEI Company, Hillsboro,
OR) equipped with an energy-dispersive X-ray spectrometer EDAX
GEMINI 4000. The microstructure and selected area electron diffraction
pattern (SAEDP) studies were performed using a Tecnai G2 F20 transmission electron microscope (TEM). The microchemical analysis was
conducted using the TEM equipment in both transmission and in scanning transmission (STEM) modes coupled with Integrated EnergyDispersive X-ray spectroscopy (EDS). The samples for TEM were
thinned using Struers Tenupol-5 jet polisher (Struers, Inc., Cleveland,
OH) in an electrolyte consisting of 20 vol% HClO4 and 80 vol% CH3OH
at subzero temperatures. The Vickers hardness was measured under a
load of 5 kg using a Zwick/ZHU 250 tester. The compression strength
tests were performed with an Instron 6025 testing machine at room
temperature.

2.3. Ab initio calculations
For the ab initio calculations primitive cells including one, two, and
three atoms were considered as the unit cells of the bcc, hcp and ω
pﬃﬃﬃﬃﬃﬃﬃﬃ
phases, respectively. For the hcp phase an ideal c/a ratio of 8=3 ≈
1.633 has been chosen. To keep coherency between the ω and bcc
pﬃﬃﬃﬃﬃﬃﬃﬃ
phase, the c/a ratio for the ω phase has been ﬁxed to 3=8 ≈ 0.612.
The electronic structure calculations were performed employing the
exact-mufﬁn-tin-orbital (EMTO) method [27–31] in combination with
the full-charge-density (FCD) method [32,33] within the framework of
density functional theory (DFT). Chemical disorder was modeled
based on the coherent-potential approximation (CPA) [34–36]. The
charges and the energies were calculated within the generalizedgradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE)
form [37]. The Brillouin zones were sampled by 24 × 24 × 24,
22 × 22 × 13, and 14 × 14 × 23 k-point meshes for the bcc, hcp, and ω
unit cells, respectively. To obtain the energy-volume curves, total energies at 13 volumes from 18 Å3/atom to 24 Å3/atom were computed for
each composition and for each phase. Atoms were ﬁxed to their ideal
lattice sites. The equilibrium properties were determined by ﬁtting the
energy-volume data to the Vinet equation of state (EOS) [38,39].

3. Results and discussion
3.1. Ab initio calculations of phase stabilities
In order to quantitatively assess the bcc-hcp-ω phase stabilities for
the selected compositions, we resort to ab initio calculations. Fig. 1
shows the computed energy-volume curves for the investigated alloys.
For the Re-free Sc25Ti25Zr25Hf25 alloy, the hcp phase is found to be the
most stable one at 0 K. This is in contrast to the three Re-containing alloys for which the ω phase is found to be energetically more favorable. It
is also found that adding Re energetically stabilizes the bcc and the ω
phases compared to hcp phase. For the Sc7Ti30Zr30Hf25Re8 composition
all three phases have very similar energies.
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Fig. 1. Energy-volume curves at 0 K for the investigated alloys obtained by the ab initio calculations. The energy of the hcp phase at the equilibrium volume is set as the reference and
indicated by a horizontal gray line for each composition. Energy differences at the equilibrium volumes are indicated in the legend.

3.2. Microstructure analysis
All as-cast alloys exhibit a morphology typical for arc melted samples, in which crystallization starts from the bottom copper plate [40].
Some segregation of elements is observed as typically found for ascast structures. Details are given in the Appendix.

The X-ray diffraction (XRD) analysis shown in Fig. 2 reveals a change
of the microstructure with increasing Re content. For the equiatomic
Sc25Ti25Zr25Hf25 alloy without Re (0 at.% Re) only hcp reﬂections are visible. The 2 at.% Re alloy (Sc13Ti30Zr30Hf25Re2) shows an hcp-bcc dualphase structure. For the Re content of 5 at.% (Sc10Ti30Zr30Hf25Re5), the
XRD pattern shows a strong signature of bcc with additional weak

Fig. 2. XRD patterns of (a) equiatomic Sc25Ti25Zr25Hf25 without Re (0 at.% Re), (b) Sc13Ti30Zr30Hf25Re2 (2 at.% Re), (c) Sc10Ti30Zr30Hf25Re5 (5 at.% Re), and (d) Sc7Ti30Zr30Hf25Re8 (8 at.% Re).
Ideal peak positions of the phases identiﬁed by a Rietveld-analysis are shown at the bottom of the XRD spectra.
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peaks, e.g., at the 2θ of 36 and 77 degrees, which can be assigned to the ω
phase. Also for the 8 at.% Re alloy (Sc7Ti30Zr30Hf25Re8) we observe both
bcc and ω reﬂections in the XRD pattern. The observed stabilization of
the bcc and ω phases with respect to the hcp phase when increasing
the Re content is consistent with our ab initio results of the previous
section.
Note, however, that while the calculated chemical trend is in good
agreement with the experiments, there appears to be a discrepancy in
the prediction of the phase stabilities. For example, the 5% Re alloy
shows a strong XRD pattern of bcc whereas ab initio predicts the bcc
phase to be about 35 meV/atom above hcp in energy. This discrepancy
is very likely caused by missing lattice distortions [41–44], which cannot
be in general captured by CPA calculations, and by ﬁnite-temperature
excitations [41,43,45–49]. An explicit calculation of these effects is computationally very demanding and beyond the scope of our study. However, we can give a reasonable estimate of the impact of both effects
based on previous works. It was reported [42] that the energy gain
due to relaxation of atomic positions is larger for bcc HEAs, particularly
those with large amounts of group-4 elements (Ti, Zr, Hf) (relaxation
energies: 40–80 meV/atom), than for the HEAs with close-packed structures (relaxation energies: 5–10 meV/atom). Considering these relaxation energies, the bcc phase can be expected to be energetically
stabilized furthermore by roughly 50 meV/atom, i.e., the bcc energyvolume curves in Fig. 1 (green curves) would be lowered by such an
amount. Finite temperature effects, in particular vibrations, can be also
expected to stabilize the bcc phase due to a strong anharmonic contribution [50]. Overall we can thus anticipate that considering these effects
would bring the ab initio results in better agreement with the experimental observations.
The TEM bright-ﬁeld (BF) image (Fig. 3) reveals that the 2 at.% Re
hcp-bcc dual-phase alloy exhibits a microstructure with very ﬁne hcp
laths, suggesting a diffusionless nucleation process. The hcp laths have
sizes up to 300 nm in length and 20–40 nm in thickness and are oriented at [2110] with respect to the bcc matrix with [100] zone axis. Similar laths of hcp or orthorhombic martensitic phases were reported also
for Ti-Nb-based alloys [51,52]. The SAEDP from the laths (Fig. 3(b)) essentially shows the pattern of an hcp phase, but we see e.g. the (0001)
reﬂection, which is forbidden in the ideal case. The occurrence of the

(0001) reﬂection indicates long-range ordering in the hcp phase [53].
In the SAEDP from the bcc matrix (Fig. 3(c)), weak reﬂections (indicated
by the blue arrows) are found at the 1/3 and 2/3 positions along the
{110} systematic rows. These weak reﬂections indicate long-range ordering in the bcc matrix as well. Similar spots were found in the Ti5Al-5Mo-5V-3Cr wt% (Ti-5553) alloy [54]. Note, however, that the pattern of the weak spots shown in Fig. 3(c) is different from that for the B2
phase, which was previously found or predicted for other bcc HEAs in
experiments [55] or by ab initio methods [41,44,49,56–64], respectively.
The weak spots in Fig. 3(c) are also not the double diffraction of the bcc
phase, which was found in the quenched Ti-4Al-4Fe-0.25Si-0.1O (wt%)
alloy [65]. In Fig. 3(c) we further observe weak diffuse scattering along
the {110} systematic rows. This may originate from incipient shortrange ordering or local lattice distortions in the bcc matrix. Similar diffuse scattering was found also in the interdendritic region of a
AlCoCrFeNi HEA [66].
Fig. 4 shows TEM results of the 2 at.% Re alloy from another crystallographic orientation ([110]bcc zone axis) of the bcc matrix and reveals
the occurrence of nanoprecipitates. The dark-ﬁeld (DF) image shown
in Fig. 4(c), obtained with the reﬂection marked with a circle in the
SAEDP in Fig. 4(b), indicates that the nanoparticles have spherical
shape with an average diameter of 25 nm. The [110]bcc SAEDP in Fig. 4
(b) demonstrates that the nanoparticles are coherent with the bcc matrix, and from the comparison with previous literature [67–69] the
nanoparticles can be assigned to the ω phase with two orientation variants. This ω phase in the 2 at.% Re alloy could not be detected by the
above-discussed XRD-analysis because of the small size of the nanoparticles. The orientation relationship derived from the SAEDPs of [110]bcc
(Fig. 4(b)) and other zone axes are (110)bcc//(2110)ω1, [112]bcc//[011
0]ω1, and [111]bcc//[0001]ω1, where ω1 indicates one of the orientation
variants of the ω phase. Note that the SAEDP in Fig. 4(b) also shows satellite spots (indicated by the blue arrows) near the bcc reﬂections; previous literature suggests that they may originate from the hcp (α) phase
[70].
For the 5 at.% Re Sc10Ti30Zr30Hf25Re5 alloy our TEM results reveal
a stronger signature of the ω nanoprecipitates in the bcc matrix (see
Appendix). This is consistent with the XRD results, which already
indicated the appearance of the ω phase in this alloy. No TEM

Fig. 3. (a) TEM bright-ﬁeld image of the Sc13Ti30Zr30Hf25Re2 HEA for the area including hcp laths and the bcc matrix. (b) SAEDP from the hcp laths. Green arrows indicate reﬂections from
the surrounding bcc matrix. (c) SAEDP from the bcc matrix. Blue arrows indicate reﬂections which may originate from a long-range ordering in the bcc matrix.
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Fig. 4. TEM observations of the bcc matrix in the Sc13Ti30Zr30Hf25Re2 HEA. (a) BF image of plates. (b) SAEDP. (c) DF image from the (0110Þω1 reﬂection, showing bright contrasted regions of
ω-phase precipitations.

analysis was performed for the brittle 8 at.% Re alloy
(Sc7Ti30Zr30Hf25Re8). However, based on the XRD results revealing
ω reﬂections and the brittle behavior, we can speculate that the ω
precipitates in the 8 at.% Re alloy are larger than the ones in the
5 at.% Re alloy and that they are responsible for the high brittleness.
A similar embrittlement behavior due the ω phase was reported also
for Ti-based alloys [22]. The increase of the ω-phase amount due to
the addition of Re is, as already mentioned, consistent with the stabilization of the ω phase predicted by the ab initio calculations in this
paper (Fig. 1).
Two mechanisms of ω phase formation have been distinguished
in the literature: (i) athermal ω, formed by quenching from the βphase (bcc) ﬁeld; and (ii) isothermal ω, formed during lowtemperature ageing of the β phase [71,72]. In the present study the
ω phase forms as a result of rapid cooling during the crystallization

of the ingot, and it is likely the athermal mechanism driving the
transformation. The formation of ellipsoidally shaped metastable ω
particles was also reported in low-misﬁt Ti\\Mo alloys upon water
quenching past solution treatment [73,74]. The formation of the ω
phase in β‑titanium alloys is in general associated with local rejection of β stabilizing elements resulting in a local compositional instability [23,72–75].
3.3. Deformation behavior
Results of the compression tests conducted on the as-cast samples
are presented in Fig. 5 and Table II. The stress-strain plots clearly show
a different material response depending on the chemical composition.
For the equiatomic Sc25Ti25Zr25Hf25 alloy without Re (from Ref. [14]),
an ultimate compressive strength of 1615 MPa is accompanied by a
total strain of 13%, while the yield strength and hardness are only
698 MPa and 261 HV, respectively. The Sc13Ti30Zr30Hf25Re2 HEA exhibits a signiﬁcant increase of the yield strength up to 1550 MPa and
an ultimate compressive strength and ductility of 1910 MPa and 8%, respectively. The hardness of the sample is 516 HV. For the alloy with 5%
Re, the yield strength is 1100 MPa, and the compressive strength
1200 MPa at a low ductility of below 1%. The 8 at.% Re alloy is fully brittle
and has the hardness of 473 HV.
As the mechanical tests reveal, the Sc13Ti30Zr30Hf25Re2 HEA shows
good mechanical properties. This good performance is due to the beneﬁcial mixture of the hcp and bcc solid solution, the latter supported with

Table II
Measured mechanical properties of the investigated alloys. UCS and YS stand for ultimate
compressive strength and yield strength, respectively.

Fig. 5. Compressive stress-strain curves of the Sc25Ti25Zr25Hf25 (black dashed),
Sc13Ti30Zr30Hf25Re2 (red dash-dotted), and Sc10Ti30Zr30Hf25Re5 (blue solid) alloys.

Sc25Ti25Zr25Hf25
Sc13Ti30Zr30Hf25Re2
Sc10Ti30Zr30Hf25Re5

UCS (MPa)

YS (MPa)

Strain (%)

Hardness (HV)

1615
1910
1200

698
1550
1120

13
8
0.5

261 ± 12
516 ± 9
436 ± 14
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Fig. 6. Sketch of the microstructure for the series of investigated alloys with increasing Re-content from left to right. The 2 at.% Re-containing dual-phase HEA with nano-ω precipitates
shows very good mechanical properties. Adding more Re, the hcp phase is destabilized and the ω phase particles are enlarged on the expense of the mechanical performance (as
indicated at the bottom).

ﬁne nanoprecipitates of the ω phase. The hcp phase is likely responsible
for the good ductility of Sc13Ti30Zr30Hf25Re2, as can be deduced from the
good ductile behavior of the pure hcp based Sc25Ti25Zr25Hf25 alloy [14].
The ω nanoprecipitates are responsible for the increase in yield strength
as conﬁrmed in several previous works [23,26]. Increasing the Re content to 5 at.% Re leads to the formation of a single bcc solid solution
structure with a high density of ω nanoparticles, which are
homogenously distributed in the grains. It is known that a too high density of the ω phase can cause embrittlement in metastable β Ti alloys,
due to a rapid increase of local elastic strains around the interface between the ω phase and β matrix [23]. It seems that the modulus of elasticity mismatch between the ω and the bcc phases probably plays the
key role in loss of ductility in the bcc solid solution.
4. Conclusions
The effect of Re content on the microstructure and mechanical properties of the Sc-Ti-Zr-Hf-Re system has been studied by ab initio calculations and experiments. The alloys have been obtained by arc-melting of
high purity elemental precursors and have been investigated in the as
cast state. The best mechanical performance has been revealed for the
2 at.% Re-containing alloy which exhibits an hcp-bcc dual-phase microstructure with nanoprecipitates of the ω phase (cf. sketch in Fig. 6). Its
compressive yield strength is 1550 MPa, the ultimate compressive
strength 1910 MPa, and the total strain 8%. For comparison, the compressive yield strengths of technologically important Ti-based alloys
are, e.g., 970 MPa for the Ti-6Al-4 V wt% alloy (an α + β alloy) [76],
1100 MPa for the Ti-8Al-1Mo-1 V wt% alloy (a near-α alloy) [77], and
1200 MPa for the Ti-11.5Mo-6Zr-4.5Sn wt% alloy (a metastable β
alloy) [76].
Our ab initio calculations demonstrate the energetic stabilization
of the bcc and the ω phases when adding Re to the Sc-Ti-Zr-Hf system. The stabilization of both phases over hcp is conﬁrmed by experiments. Increasing the Re concentration to 5 at.% or higher renders
the bcc phase too stable and the beneﬁcial hcp lath structure disappears deteriorating the mechanical properties. For 8 at.% Re the

stability of the ω phase further increases, which enhances the
growth of larger particles causing very high brittleness.
Our results demonstrate the capability to employ thermodynamic calculations from ab initio theory, to predict the stabilization
of bcc and ω over the hcp phase, and with this to tune the
microstructure in the Sc-Ti-Zr-Hf-Re system. The ab initio derived
bcc-hcp-ω energetic differences could therefore in general be useful
as materials property descriptors for screening and designing
dual-phase hcp-bcc high entropy alloys strengthened by
nanoprecipitates.
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Appendix A
Here we provide additional experimental microstructural information. Light images of the 2 and 5 at.% Re alloys taken perpendicular to the direction
of the crystallization of the drops are shown in Fig. A1(a) and (b). They reveal elongated grains with widths of 100–600 μm and lengths of
200–2000 μm with a ﬁne dendritic microstructure inside. SEM images are shown in Fig. A1(c) and (d). They reveal columnar dendrites with some
Zr and Ti segregation visible as contrast changes (cf. EDS analysis in Table A1). The STEM image of the Sc13Ti30Zr30Hf25Re2 HEA in Fig. A2
(a) conﬁrms the lath-like microstructure. The EDS mappings of the area marked with a rectangular frame in Fig. A3(a) indicate that the laths are
enriched in Sc and Hf (Figs. A2(b, c)), while the area between the laths is enriched in Ti and Re (Fig. A2(e, f)). Zr appears homogeneously distributed.
The STEM/EDS images of the Sc10Ti30Zr30Hf25Re5 HEA (Fig. A3) show a homogenous distribution for all the ﬁve elements with no indication of laths.
The TEM image in Fig. A4 conﬁrms the presence of the ω phase for the Sc10Ti30Zr30Hf25Re5 HEA.

L. Rogal et al. / Materials and Design 192 (2020) 108716

7

Fig. A1. Light images of (a) Sc13Ti30Zr30Hf25Re2 and (b) Sc10Ti30Zr30Hf25Re5 and SEM images of (c) Sc13Ti30Zr30Hf25Re2 and (d) Sc10Ti30Zr30Hf25Re5 with marked points of EDS analysis
(Table A1).

Fig. A2. (a) STEM image and (b–f) EDS mappings for the Sc13Ti30Zr30Hf25Re2 HEA. The white frame in (a) indicates the area for the EDS mapping, and the red markers indicate the points of
EDS analysis (Table A1).

Fig. A3. (a) STEM image and (b–f) EDS mappings for the Sc10Ti30Zr30Hf25Re5 HEA. The white frame in (a) indicates the area for the EDS mapping, and the red markers indicate the points of
EDS analysis (Table A1).
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Fig. A4. TEM bright-ﬁeld image of the Sc10Ti30Zr30Hf25Re5 HEA along with SAEDP from the central part of micrograph.

Table A1
Results of EDS analysis in areas listed in Figs. A1 to A3.
Alloy type

2 at.% Re

Figure

Fig. A1c SEM
Fig. A2a TEM

5 at.% Re

Fig. A1d SEM
Fig. A3a TEM

Point of analysis

1 – dendrite
2 – interdendritic
1 – lath
2 – matrix
1 – dendrite
2 – interdendritic
1 – matrix

Phase

hcp/bcc
hcp/bcc
hcp
bcc
bcc
bcc
bcc
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