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which may be satisfactory for potential applications of sta-
tionary structures that do not suffer from high weight.
Since the aerospace industry demands low-density metallic
alloys for high-temperature load-bearing structures and
thermal protection systems, there is a clear rationale for
exploring HEAs composed of constituents with high melt-
ing temperatures and reduced densities. Therefore, the goal
of the current work was to produce refractory HEAs with
densities below 7.0 g cm 3, which could operate at temper-
atures as high as 1000 �C. To achieve this goal, low-density
refractory elements, V (qV 6.11 g cm 3), Zr (qZr 6.51 -
g cm 3), Cr (qCr 7.14 g cm 3), Nb (qNb 8.57 g cm 3)
and Ti (qTi 4.51 g cm 3) were selected to produce four
alloys: NbTiVZr, NbTiV2Zr, CrNbTiZr and CrNbTiVZr.
The microstructure and phase compositions of these alloys
are described here; the mechanical properties will be
reported in a subsequent paper [12].

2. Experimental procedures

The Cr Nb Ti V Zr alloys were prepared by vacuum
arc melting of nominal mixtures of the corresponding ele-
ments. Titanium and zirconium were in the form of
3.175 mm diameter slugs with purities of 99.99 and
99.95%, respectively. Niobium and tantalum were in the
form of 1.0 and 2.0 mm wires, and their purities were
99.95 and 99.9%, respectively. Chromium was in the form
of 10 100 mm3 pieces, with a purity of 99.95%. Vanadium
was in the form of chips, with a purity of 99.99%. Arc melt-
ing was conducted on a water-cooled copper plate. High-
purity molten titanium was used as a getter for residual oxy-
gen, nitrogen and hydrogen. To achieve a homogeneous dis-
tribution of elements in the alloys, each alloy was remelted
five times, being flipped for each melt, and was in a liquid
state for about 5 min during each melting event. The pre-
pared cigar-shaped specimens were about 12 mm high,
30 mm wide and 100 mm long, and had shiny surfaces, indi-
cating that there was no oxidation during the vacuum arc
melting. The actual alloy compositions determined by
inductively coupled plasma-optical emission spectroscopy
are given in Table 1. The produced alloys were hot isostat-
ically pressed (HIPed) at 1200 �C and 207 MPa for 2 h, then
homogenized by annealing at 1200 �C for 24 h in high-pur-
ity argon. During HIP and annealing, the samples were cov-
ered with Ta foil to minimize oxidation. The cooling rate
after annealing was 10 �C min 1. The crystal structure
was identified with the use of an X-ray diffractometer using
Cu Ka radiation and a 2H scattering range of 10 140�.
Table 1
Chemical compositions (in at.%), density, q, and Vickers microhardness, Hv,

Alloy Cr Nb Ti V

NbTiVZr 28.3 24.5 23.0
NbTiV2Zr 22.6 19.4 37.2
CrNbTiZr 24.6 26.7 23.9
CrNbTiVZr 20.2 20.0 19.9 19.6
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Alloy density was measured with an AccuPyc 1330
V1.03 helium pycnometer. The pycnometer cell volume
was 12.2284 cm3, the sample weight was �10 g, measured
to an accuracy of ±0.0001 g, and the sample volume was
determined to an accuracy of ±0.0001 cm3 by measuring
the free volume of the loaded cell using helium gas and
10 purges. Vickers microhardness was measured on pol-
ished cross-section surfaces using a 136� Vickers diamond
pyramid under a 500 g load applied for 20 s. The micro-
structure was analyzed by scanning electron microscopy
(SEM) using a Quanta 600F scanning electron microscope
(FEI, North America NanoPort, Hillsboro, OR) equipped
with backscatter electron (BSE), energy-dispersive X-ray
spectroscopy (EDS) and electron backscatter diffraction
(EBSD) detectors.

Thermodynamic modeling of the non-equilibrium solid-
ification (Scheil model) and equilibrium phase diagrams of
the studied alloys was conducted using the Pandat version
8.0 software [13] employing the PanTi thermodynamic
database developed by Computherm, LLC.

3. Results

3.1. Density and hardness of the homogenized alloys

The produced refractory alloys, NbTiVZr, NbTiV2Zr,
CrNbTiZr and CrNbTiVZr, have relatively low densities,
of q 6.52 ± 0.01, 6.34 ± 0.01, 6.67 ± 0.01 and
6.57 ± 0.01 g cm 3, respectively. Using the densities of
pure elements and the alloy compositions (Table 1), one
can estimate the density, qmix, of disordered solid solutions
of the same compositions using the rule of mixtures:

qmix ¼
P

ciAi
P ciAi

qi

ð1Þ

Here ci, Ai and qi are the concentration, atomic weight and
density of element i. The calculated qmix values are very
close to the densities of homogenized alloys (see Table 1).
A similar observation has been previously reported for
other high entropy alloys [6,8,10]. The Vickers microhard-
ness, Hv, was measured in 20 randomly selected locations
of each alloy and the average values are given in Table 1
Among the three quaternary alloys, NbTiV2Zr has the low-
est hardness (Hv 2.99 ± 0.03 GPa) and CrNbTiZr the
highest (Hv 4.10 ± 0.04 GPa), while NbTiVZr has
Hv 3.29 ± 0.03 GPa. The five-element alloy,
CrNbTiVZr, has Hv 4.72 ± 0.05 GPa. For comparison,
of the alloys studied in this work.

Zr q (g cm 3) qmix (g cm 3) HV (GPa)

24.2 6.52 6.50 3.29 ± 0.03
20.8 6.34 6.38 2.99 ± 0.03
24.8 6.67 6.70 4.10 ± 0.04
20.3 6.57 6.52 4.72 ± 0.05
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1200 �C is too rapid to achieve equilibrium conditions
below 600 750 �C. Thermodynamic databases based
on the binary and ternary systems are able to predict
correct trends, but are unable to accurately predict vol-
ume fractions and compositions of the Laves phases in
the CrNbTiZr and CrNbTiVZr alloys.

5. Although the stabilization of disordered solid solutions
is the defining feature of high entropy alloys, the present
work identifies two systems where an ordered interme-
tallic phase is stable at room temperature and can be
fully dissolved at high temperatures. This suggests a rea-
soned approach for developing high entropy alloys with
both solid solution and ordered phases as candidate
high-temperature structural materials.
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