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Refractory TaTiNb, TaTiNbZr, and TaTiNbZrX (X = Mo, W) high entropy alloys were synthesized by combined
use of high energy ball milling (HEBM) and spark plasma sintering (SPS). Powders of predominantly bcc
TaTiNbZrX (X = Mo, W) refractory high entropy alloys (RHEAs) were successfully prepared by short-term
HEBM (60 min) and then SPS-consolidated at 1373 K for 10 min. TEM analysis of the TaTiNbZrwW HEA
powder obtained after 60 min of HEBM revealed its nanocrystalline structure with an average grain size of
up to 50 nm and predominantly uniform distribution of the elements on an atomic scale. The SPS con-
solidation at 1300°C led to an increase in grain sizes up to 100-300 nm. Thus prepared bulk RHEA materials
showed ultra-high Vickers hardness of 8.5 GPa and 13 GPa for TaTiNbZrMo and TaTiNbZrW alloys, re-
spectively. The room-temperature compressive strength of TaTiNbZrW RHEA alloy sintered from HEBM
powders attained a value of 2665 MPa, which is 30% higher than that for the same alloy produced from non-
milled powders. Bulk samples of synthesized RHEA show a higher electrical resistivity (r) compared to the
samples prepared from non-milled powder blends. Within the temperature range 298-573 K, the maximum
r value for TaTiNbZrW RHEA alloy was found to vary between 132 and 143.6 Q cm. A decrease in thermal
conductivity was observed: (a) upon introduction of Zr, Mo, and W atoms to TaTiNb-based alloys due to
additional phonon scattering on lattice distortions caused by different radius and mass of Zr, Mo, and W
atoms and (b) for the HEBM-prepared bulk alloys because of additional phonon scattering on the surface of
mechanocomposites.
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1. Introduction

Since the novel multi-component alloy design concept of high
entropy alloys (HEAs) was suggested by JW. Yeh in 2004 [1], it
aroused increasing attention in the field of advanced metallic ma-
terials. The high mixing entropy of HEAs induced by an equiatomic
or near-equiatomic configuration of five or more principal elements
favors the formation of simple solid solution phases—face-centered
cubic (fcc), body-centered cubic (bcc), hexagonal close-packed (hcp),
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or their combinations—rather than of intermetallic compounds [2,3].
Due to four core effects (high entropy, lattice distortion, sluggish
diffusion, and cocktail effects) observed in HEAs [4], they can be
tailored to possess outstanding chemical, mechanical and magnetic
properties [5-10] for a variety of applications.

As is known, refractory metal-based alloys have always been
used as the basis for the design of high-strength materials for high-
temperature applications. HEAs based on refractory elements have
attracted interest as promising materials for high-temperature ap-
plications since their first appearance in 2010 [6]. They have been
proposed and characterized by Senkov et al. [6,11,12] who extended
the HEA design concept to refractory alloys. It has been shown that
the high-temperature strength of refractory high entropy alloys
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Table 1
Calculated alloy parameters, VEC, Ar and Ay, for TaTiNb, TaTiNbZr, TaTiNbZrX (X = Mo,
W) alloys.

Composition ASmix VEC Phase prediction Ar, % Ay

TaTiNb 131R 4 bee 53 0.027
TaTiNbZr 139R 4.5 bec 53 0.067
TaTiNbZrMo 161 R 4.8 bec 5.9 017
TaTiNbZrW 161 R 4.8 bec 5.8 0.21

(RHEAs) MoNbTaW and MoNbTaVW with a bcc structure at tem-
peratures above 800 °C are significantly higher in comparison to
conventional Ni-based superalloys [6]. Since then, more RHEAs—-
such as TiNbTaV, TiZrHfNbTa, MoVHfZrTi, Ti(V)WMoNbTa, and so
on—with excellent mechanical strength at room and high tempera-
tures had been designed [13-15].

Apart from composition, different synthesis routes were reported
to yield a wide variety of microstructures [16]. To date, the most of
reported RHEAs (95%) are being synthesized through the casting
route [17]. However, casting of materials with high melting tem-
peratures like RHEAs in industrial-relevant quantities can be asso-
ciated with significant technical difficulties. Cast materials also
usually contain inhomogeneities and casting defects (pores, etc) and
have coarse microstructures [18]. Therefore, additional, often time-
and cost-consuming, processing of the as-cast materials is usually
required to use them for structural applications.

Another possible synthesis route is mechanical alloying (MA)
which has been successfully applied to produce a variety of materials
(intermetallics, ordered compounds, solid-solution alloys, nano-
crystalline materials, RHEAs) with a refinement of grain size leading
to improvement in mechanical properties and product homogeneity
[17,19-22].

Recent reports in the field have shown that the RHEAs produced
by combined use of MA and SPS display advantageous mechanical
properties (especially in strength and ductility) as compared to the
alloys fabricated by arc melting [17,23-25]. For instance, a
WNbMoTaV RHEA with an average grain size of 5.3 pm and homo-
genous microstructures was fabricated by using MA and subsequent
SPS consolidation [23]. The yield strength and plastic strain were
found to grow from 1246 MPa to 2612 MPa, i.e. by 1.7% and 8.8%,
respectively, as compared to the alloys with dendritic microstructure
and coarse grains fabricated by arc melting.

Refractory CrMoNbTiW HEA synthesized [24| by mechanical al-
loying for 10 h followed by SPS consolidation has shown a high
hardness (8.9 GPa) caused by the presence of residual the elements
along with contaminations from milling bodies.
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A drawback of conventional MA (long milling time, large amount
of contaminants, low energy input) can be overcome by using short-
term high energy ball milling (HEBM).

Recently [25], the technique of HEBM was successfully used to
fabricate RHEAs from multicomponent powder mixtures for sub-
sequent consolidation in the process of spark plasma sintering (SPS).
This approach allows for the synthesis of multicomponent com-
pounds at lower temperatures compared to melting points of
starting refractory the elements.

However, there are still significant gaps in understanding the
composition-processing, and structure-properties relationships in
HEBM-SPS produced RHEAs. The TaTiNb and TaTiNbZr alloys pre-
pared by usual casting route are known to have a dominating bcc
structure and reasonable ductility [26,27]. The addition of Mo or W
to TaTiNbZr cannot be expected to affect phase composition of the
alloys [28], while cast TaTiNbZrMo alloy also have moderate ductility
[29]. Meanwhile, the data on the mechanical behavior of TaTiNbZrW
alloy are lacking in the literature.

Despite a large number of publications devoted to the synthesis
and characterization of numerous RHEAs, the equiatomic
TaTiNbZrMo and TaTiNbZrW alloys have been studied inadequately
[30-32]. Primarily, the equiatomic and non-equiatomic TiNbTaZrMo
high entropy alloys were proposed as promising biocompatible
metallic materials [29]. In [28-30], this alloy with a structure of bcc
solid solution (prepared by arc melting) has shown good strength,
ductility, and biocompatibility close to that of pure Ti. The combi-
nation of induction melting, gas atomization, and selective laser
melting (SLM) was used [31] to fabricate Ti;4NbggTageZr4Moge
BioHEA powders and SLM-built parts (with a bcc structure) ex-
hibiting low porosity, customizable shape, excellent yield stress, and
good biocompatibility. Recently [32], the equiatomic TiZrNbMoTa
alloyed powders with an fcc solid-solution structure were prepared
by mechanical alloying (MA) for 30 h and then consolidated by spark
plasma sintering (SPS) at 1300, 1400, 1500, and 1600 °C. The bcc
phase and the ZrO, phase precipitated from the fcc solid solution
during cooling down. RHEA with the highest compression fracture
strength of 3759 MPa and fracture strain of 12.1% was obtained by
SPS at 1400 °C. Surprisingly, the fcc structured HEA powders (rather
than bcc structured ones) were obtained [32] during MA, according
to the valence electron concentration (VEC) used as a criterion for
phase formation in HEA. This can be explained by the formation of
metal carbides with an fcc structure (e.g. TaC) during prolonged
milling due to material contamination from carbide drum and balls.

To the best of our knowledge, the fabrication of TaTiNbZrMo and
TaTiNbZrW RHEAs by combined use of short-term (60 min) HEBM
and SPS consolidation has not been reported so far.
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Fig. 1. XRD patterns of TaTiNb, TaTiNbZr, and TaTiNbZrX (X = Mo, W): (a) initial powder blends (indicated); (b) bulk samples derived from the powder mixtures (indicated) by SPS

sintering at 1373 K. The spectra are shifted along the y axis for the sake of clarity.
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Fig. 2. SEM-BSE images for multicomponent alloys SPS consolidated at 1373 K: (a) TaTiNb, (b) TaTiNbZr, (c¢) TaTiZrNbMo, (d) TaTiZrNbW. Scale bar for all SEM images is

10 um (2000x).

To get more systematic information, in this communication we
report on a facile processing route for the fabrication of TaTiNb,
TaTiNbZr, and TaTiNbZrX (X = Mo, W) RHEAs by combined use of
short-term HEBM and SPS-consolidation to obtain bulk materials
with enhanced mechanical properties, microhardness, electrical re-
sistivity, and thermal conductivity at room and elevated tempera-
tures. Note that the information on electrical resistivity or thermal
conductivity of RHEAs is mostly lacking, although thermal con-
ductivity is a significant characteristic of any high-temperature
material. For the sake of comparison, the same alloys were
fabricated by SPS consolidation from elemental powders
(without HEBM).

2. Experimental

Commercial powders of Ta (99.9% pure, particle size 40-60 pm),
Ti (99.2%, 40-60 um), Nb (99.9%, 40-60 pm), Zr (99.6%, 100-200 pm),
Mo (99.95%, 2-4.5 ym), W (99.98%,< 6 pum) were used as starting
materials. Equiatomic amounts of the powders were mechanically
treated in a water-cooled double-station planetary ball mill
Activator-2S (Activator, Russia) using stainless steel cylindrical jars
and balls (7 mm in diameter). In all cases the ball/powder weight
ratio was 20: 1. The vial was evacuated and then filled with Ar at
4 atm to prevent the oxidation of powders during milling. Ball
milling was run at rotation speeds of sun wheel/jars: 694/1388 rpm.
Overall HEBM time (t) for all studied TaTiNb-based powder blends
was 60 min (55 min in Ar and 5 min in C;HsOH).

Starting and milled TaTiNb, TaTiNbZr, and TaTiNbZrX (X = Mo, W)
powders were SPS-consolidated in a vacuum in a Labox 650 facility
(Sinter Land, Japan). The powder mixture was placed into a cylind-
rical graphite die (inner diameter 12.7 mm) and uniaxially com-
pressed at 50 MPa and heated at a rate of 100 °C/min up to some
preset sintering temperature at 1373 K by passing rectangular
heavy-current current pulses through the sample. The dwell time at

sintering temperature was 10 min. SPS-produced disks were
3-4 mm thick and 12.7 mm in diameter.

Starting, milled, and consolidated powders were characterized by
XRD (DRON-4-07 diffractometer, Co-K, radiation, 20 = 20-110°),
SEM (JEOL JSM-7600 F, Japan), and EDX (Oxford Inca spectrometer)
using Aztec software. The microhardness of SPS-consolidated sam-
ples was measured in Vickers hardness tests with an Emco-Test
DuraScan 70 (Austria) under applied load (4.9 N).

For TEM analysis, the lamellas of TaTiNbZrW HEA powder par-
ticle and HEA bulk sample were prepared using the focused ion
beam technique (Nanolab 6000 Helios Dual SEM/FIB FEI, USA).
Subtle structural studies and compositional analyses were per-
formed using a Jeol JEM 2100 microscope (Japan) equipped with an
Oxford X-Max 80 EDX detector (UK).

The thermal conductivity was calculated from the formula
k = AdC,, where A is the thermal diffusivity as measured by laser flash
method using an LFA 467 apparatus (Netzsch, Germany), G, is the
specific heat measured by a comparative method using LFA 467, and
d is density. The electrical resistivity (r) was measured simulta-
neously on 1 x 3 x 12 mm> bars using a homemade electrical
transport measuring system (Cryotel Ltd., Russia). The uncertainty of
electrical resistivity measurements was within 8%, and that of the
thermal conductivity was estimated to be within 5%, considering the
uncertainties for A and d.

Isothermal compression was carried out at 295 K and 873 K in
the air using an Instron 300LX test machine equipped with a radial
furnace. For high-temperature testing, specimens were put in the
preheated furnace, which was kept at the desired temperature for
= 1 h, and held for 10 min before testing to equilibrate the tem-
perature. The temperature of the specimen was controlled by a
thermocouple attached to its side surface. The test specimen had a
height of 6 mm and a diameter of 4 mm. The initial strain rate was
107 s7!. Testing was carried out until specimen fracture or 50%
strain.
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Fig. 3. XRD patterns of TaTiNb, TaTiNbZr, and TaTiNbZrX (X =Mo, W) powder blends: (a) milled by HEBM (60 min, 694/1388 rpm), (b) after HEBM followed by SPS at 1373 K.
Compositions are indicated at the left. The spectra are shifted along the y axis for the sake of clarity.

Table 2
Crystallite size, lattice strain for HEBM TaTiNb, TaTiNbZr, and TaTiNbZrX (X = Mo, W)
powder blends and SPS-consolidated samples.

TaTiNb  TaTiNbZr TaTiNbZrMo  TaTiNbZrW
HEBM
Crystallite bec' 5 8 4 -
size, nm bec? - - 6 10
Strain, % bec! 091 1.35 0.46 -
bec> - - 0.56 0.13
HEBM+SPS
Crystallite bec! 34 21 -
size, nm bec? - 27 20 44
Strain, % bec' 038 0.18 -
bec? 0.12 0.34 0.45

3. Results and discussion

For prediction of solid solution formation [3] in the studied al-
loys, alloy parameters—configurational entropy (ASconsg) 2 1.61 R
(universal gas constant), mixing enthalpy (AHpix) within the range
11.6 kJ/mol < AHp,;x < 3.2 kJ/mol, atomic size difference (5) within
the accepted limits 0 < Ar < 8.5%, electronegativity (Ay) whose value
should very small [33], and average valence electron concentration
(VEC) (the bcc and fcc phases are formed for VEC < 6.87 and VEC 2
8.0, respectively; while bcc + fcc mixture coexist when 6.87 < VEC <
8.0)—were calculated and presented in Table 1.

For all studied compositions (see Table 1), the atomic size dif-
ference is well within the adopted limits 0 < Ar < 6.5% for the solid
solution formation; VEC < 6.87 falls into the range for the formation
of a bcc solid solution [34]. The electronegativity (EN) difference for
all TaTiNb, TaTiNbZr and TaTiNbZrX (X = Mo, W) alloys is in the range
0.027-0.21. As is known [35], electronegativity Ay has little or no
influence on the formation of a solid solution or amorphous phase.
Even when no range has been prescribed for the formation of dis-
ordered solid solution, it was noted [33] that a larger value of Ay is
expected to aid the formation of a compound.

3.1. SPS of elemental powders

Fig. 1 presents the XRD patterns of ternary TaTiNb, quaternary
TaTiNbZr, and multicomponent TaTiNbZrX (X = Mo, W) powder
blends (Fig. 1a) and their alloys SPS-consolidated at 1373 K (Fig. 1b).

The initial powder blends exhibited expectedly strong and
narrow Bragg peaks due to the crystalline structure of the con-
stituent elements (Fig. 1a). The melting point of each principal

element in studied compositions is much above 1373 K. The ele-
mental powders did not reach complete metallurgical bonding
during the sintering process.

The strong (110), (200), (211), (220) peaks—all from the phase
with a bcc structure (a = 3.296 = 0.002 A)—were found in the XRD
pattern of the ternary TaTiNb alloy. Two bcc phases with close lattice
parameters (bcc!, a = 3.478 + 0.002 A; and bcc?, a = 3.328 + 0.002 A)
and solid solution with a hcp structure were detected in quaternary
TaTiNbZr. The addition of the fifth element, Mo or W, to TaTiNbZr
alloy (all in equiatomic amounts) leads to the splitting of the main
(110) XRD peak into bcc! and bec? phases and an increase in the
intensity of the latter. In case of the TaTiNbZrMo alloy, the bcc! and
bec? lattice parameters were calculated as a =3.505 + 0.002 A and
a =3.327 + 0.002 A, respectively. For the TaTiNDZrW alloy, the
respective magnitudes were a =3.4951%0.001A and a
=3.261 + 0.002 A.

SPS-consolidated TaNiNb, TaTiNbZr, and TaTiNbZrX refractory
alloys (X=Mo, W) represented a mixture of several phases (Fig. 2).
The SEM-BSE data suggest that the light-gray primary islands cor-
respond to the TaTiNb alloy enriched with Ta, while small gray in-
clusions and elongated grains can be related to Nb- and Ti-rich areas,
respectively (Fig. 2a).

The SEM image of quaternary TaTiNbZr alloy (Fig. 2b) shows that
it consists of a major gray matrix with thin intergranular regions and
some amount of white/light gray domains. According to EDX results,
the gray matrix corresponds to the solid solution with a homo-
geneous distribution of all the elements; whereas the intergranular
regions are Ti-lean and have a laminar structure formed by bright
Ta-rich layers and dark Zr-rich ones. Accordingly, hcp peaks can be
assigned to (Zr, Nb)-based solid solution.

Fig. 2c shows the microstructure of refractory TaTiNbZrMo alloy.
The gray color matrix corresponds to the HEA with the equiatomic
concentration of the elements, while dark gray areas refer to TiNbZr-
based solid solutions, the light-gray domains being Ta-enriched. A
similar structure can be noticed in a refractory TaTiNbZrW alloy
(Fig. 2d). Therefore, it can be deduced that complete dissolution of
constituents had no time to occur in the course of sintering, and as a
result, a complex microstructure formed by the nearly equiatomic
solid solutions together with areas with elevated concentration of
some certain the element is found.

3.2. Combined use of HEBM and SPS

The XRD pattern of TaTiNb, TaTiNbZr, and TaTiNbZrX (X = Mo, W)
powder blends milled for 60 min are shown in Fig. 3a. XRD data of
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X 2,000

Fig. 4. SEM-BSE images of refractory alloys sintered by SPS from HEBM powders at 1373 K: (a) TaTiNb alloy, (b) TaTiNbZr alloy, (c) TaTiZrNbMo alloy, (d) TaTiZrNbW alloy.
Magnification is 2000 for main SEM images (scale bar 10 um) and 20,000x for inserts (scale bar 1pum).

SPS-consolidated samples obtained from HEBM powder blends are
presented in Fig. 3b.

During HEBM, the diffractions peaks of alloying elements broa-
dened, decreased in their intensity, and partially overlapped. The
formation of background around the (110), (200), (211), (220) bcc
phase (a = 3.336 + 0.002 A) for ternary TaTiNb alloy was observed
after 60 min of HEBM. Also, the diffraction (110) peak from Fe was
detected by XRD. It is caused by the contamination with iron from
steel drums and balls during the HEBM process.

- W - W

For the TaTiNbZr powder blend after 60 min of HEBM, only a
single bcc solid solution was observed. The absence of signal from Fe
in the XRD spectra can be explained by its dissolution in the bcc
TaTiNbZr phase of HEA powder.

The addition of Mo to TaTiNbZr powder blend leads to the splitting
of the single bcc structured phase observed in TaTiNbZr HEA powder
into two bcc solid solutions (bec!, a = 3.293 + 0.003 A; and bcc?, a =
3.178 + 0.002 A). The bcc? phase corresponds to the pure Mo that had
not dissolved TaTiNbZr solid solution during short-term HEBM.

Fig. 5. SEM image and representative compositional EDX mapping obtained from the region of bulk TaTiNb RHEA (HEBM for t =60 min, SPS at 1373 K).

5
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1pm

Fig. 6. SEM image and representative compositional EDX mapping obtained from the region of bulk TaTiNbZr RHEA (HEBM t = 60 min, SPS at 1373 K).

The TaTiNbZrW powder blend has shown similar structural
changes during HEBM (60 min). Two phases with bcc structure were
presented on XRD spectra: bcc! phase with very broad (110) peak
corresponds to the solid solution based on all principal elements, the
second one (bcc?, a = 3.169 + 0.002 A) is likely pure W (Im-3m).
During HEBM tungsten is partially dissolved in a multicomponent
solid solution. In this case, the XRD peaks of pure Fe have not been
detected.

The effect of HEBM on the crystallite size and strain in TaTiNb,
TaTiNbZr, and TaTiNbZrX (X=Mo, W) powder blends and bulk
samples were derived from line width analysis of XRD peaks. The
pseudo-Voigt function as a convolution of a Gaussian and a
Lorentzian component (the width of the Lorentzian component is
related to the grain size, while the Gaussian width is related to the
lattice strain of the sample) was used for fitting of the XRD peak
profile and a Ge standard was used to correct instrumental broad-
ening. Crystallite size, lattice strain for bcc phases were calculated
for HEBM-processed samples using the Williams-Hall method [36].
For the bcc!' phase in the TaTiNbZrW alloy adequate calculations
were not possible due to the presence of a single broad (110) dif-
fraction peak. The calculated results for HEBM powder blends and
SPS-consolidated bulk samples are summarized in Table 2.

SEM image "
4

As follows from obtained results for all powder blends milled for
60 min at 694/1388 rpm, the HEBM leads to a decrease in the size of
crystallites down to 4-10nm depending on composition (see
Table 2).In this case, lattice strains grew over this period up to 1.35%.

The SEM/EDX results for TaTiNb, TaTiNbZr, TaTiNbZrMo, and
TaTiNbZrW RHEA powder particles milled for t=60 min show that
the elements are uniformly distributed on a micro-scale level (see in
a supplementary file Figs. 1-4). The presence of 7-11 at% Fe (de-
pending of composition) was detected.

As for SPS, an increase in the size of crystallites by a factor of 3-7
for SPS-consolidated samples (depending on their composition) was
observed. However, the nanocrystalline nature of mechanically al-
loyed powders is retained after SPS at 1373 K due to special features
of this process (synthesis is due to heating electric current pulses
passing through the powder and a die, short holding time) (see
Table 2). Also, it was observed that an increase in the number of the
elements in alloy leads to a reduction of grain growth during SPS.
The multi-elemental composition is likely to complicate the motion
of atoms through the lattice due to different chemical environment
and energy state at each site, thus making the diffusion sluggish
[37,38]. The lattice strains are partially relieved during SPS (see
Table 2).

-

Fig. 7. SEM image and representative compositional EDX mapping result obtained from the region of bulk TaTiNbZrMo RHEA (HEBM for t =60 min, SPS at 1373 K).
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Fig. 8. SEM image and representative compositional EDX mapping result obtained from the region of bulk TaTiNbZrW RHEA (HEBM t = 60 min, SPS at 1373 K).

SEM-BSE micrographs of TaTiNb, TaTiNbZr, and TaTiNbZrX
(X=Mo, W) SPS-consolidated samples from HEBM powders are
presented in Fig. 4. All elements are seen to be more or less uni-
formly distributed throughout the material.

The chemical composition of the constituent phases was in-
vestigated by EDX/SEM. The results are presented in Figs. 5-8. In all
HEBM-produced and SPS-consolidated samples, the presence of

TEM image 4

7-11 at% Fe was detected. It is caused by friction grinding from the
surface of milling bodies during HEBM. In our previous work [25],
we have shown that the presence of Fe partitioned to the particles of
the second phase (e.g. Zr,Fe) can act as a strengthening agent im-
proving mechanical properties of the resultant alloy.

A certain amount of oxygen is inevitably introduced after un-
loading from mill drums as well as during the sintering process.

TEM image

Fig. 9. (a) BF TEM image and selected area electron diffraction (SAED) pattern of 1 pm area and (b) STEM EDX mapping of TaTiNbZrW HEA powder produced after 60 min of HEBM,

(c) BF TEM image and SAED pattern of 1 um area of SPS-consolidated TaTiNbZrW HEA.
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Fig. 10. Vickers hardness of SPS-consolidated samples (indicated) obtained from non-
milled powder blends (orange bars) and HEBM powders (blue bar).

For the bulk TaTiNb refractory alloy, comparative analysis of
SEM-BSE micrographs together with EDX results (Fig. 5) suggests
that light-gray regions correspond to the TaTiNbFe-based solid so-
lution enriched with Fe and Nb. Dark-gray areas with elongated
morphology correspond to FeO-rich ones. Black domains on SEM-

Journal of Alloys and Compounds 893 (2022) 162030

BSE can be related to Ti-rich regions. XRD results are in good
agreement with SEM/EDX data.

The comparison between the microstructures (on a microscopic
level) of bulk TaTiNbZr refractory alloy and other studied RHEAs
showed that the grains in the former one are larger by a factor of
3-5. Based on EDX data (Fig. 6), medium-gray regions can corre-
spond to ZrNb-rich bcc solid solutions while light gray areas, to bcc
solid solution of pure of Zr and Fe, and dark-gray domains, to Zr/Nb/
O-rich ones.

The SEM/EDX results for the bulk TaTiNbZrMo alloy (Fig. 7) show
that white/light-gray areas represent a matrix with uniformly dis-
tributed principal elements. Dark-gray Fe/Zr/O-rich regions and
black Zr-rich domains were also detected by EDX.

The bulk TaTiNbZrW RHEA exhibits a uniform ultrafine-grained
microstructure composed of two bcc solid solutions: one is enriched
with heavy the elements such as Ta, W, Nb (white domains on SEM/
EDX maps), while others are Zr/Fe/Ti/O-rich regions (dark-gray),
both are embedded in light-gray matrix with an approximately equal
concentration of the elements (Fig. 8). Note that only one phase with
a bcc structure was detected by XRD, apparently because of very
small difference in lattice parameters of bcc solid solutions that
cannot be discerned by conventional XRD analysis.

TEM analysis of the TaTiNbZrwW HEA powder obtained after
60 min of HEBM revealed the formation of a nanocrystalline
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Fig. 11. Engineering compression stress-strain curves for samples SPS-consolidated from initial powder blends (a) at 295 K and (c) at 873 K; and for those SPS-consolidated from

HEBM-processed powders (b) at 295K and (d) at 873 K.
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Table 3
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Mechanical properties of TaTiNb, TaTiNbZr and TaTiNbZrX (X=Mo, W) alloys at 295K and 873 K: yield stress oys, compressive strength opear, deformation ¢, and Vickers mi-

crohardness HVs.

Composition Testing temperature, K oys, MPa Gpeak» MPa &% HVys, GPa
TaTiNb initial, SPS 1373 K 295 1135 1765 20 46 + 0.3
873 800 1130 14 -
TaTiNb HEBM, SPS 1373 K 295 1886 2120 6 6.8 £ 0.1
873 1495 1762 4 -
TaTiNbZr initial, SPS 1373 K 295 1572 1728 6 72 +05
873 1004 1178 16 -
TaTiNbZr HEBM, SPS 1373 K 295 1920 2070 3 6.4 + 0.1
873 1365 1642 2 -
TaTiNbZrMo initial, SPS 1373 K 295 1480 1625 6 5104
873 1021 1509 14 -
TaTiNbZrMo HEBM, SPS 1373 K 295 - 1985 0 8.5+ 0.1
873 - 620 0 -
TaTiNbZrW initial, SPS 1373 K 295 1871 1992 2 (5.8-7.0) + 0.1
873 899 1155 13 -
TaTiNbZrW HEBM, SPS 1373 K 295 2458 2665 <1 13.0 £ 0.1
873 1387 1565 <1 -
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temperature for samples SPS-consolidated from starting powder blends and HEBM-processed powders. Compositions are indicated on the graph.
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structure with an average particle size of up to 50 nm (Fig. 9a) and
predominantly uniform distribution of the elements on an atomic
scale (Fig. 9b). Phase analysis of the electron diffraction pattern
(Fig. 9a, insert) showed the presence of reflections from the bcc
phase, in agreement with the XRD data. The SPS consolidation of
TaTiNbZrW HEA at 1300 °C leads to an increase in grain sizes (Fig. 9c)
up to 100-300 nm.

The microstructure of HEBM-produced alloys differs significantly
from that prepared by sintering starting powder blends. Due to mil-
ling, we not only achieve uniform distribution of particles within
mechanocomposites and get contaminated with Fe, O but also gen-
erate lattice defects. As a result, we observe the distribution of the
elements over several solid solutions and/or the formation of oxides.

3.3. Mechanical properties

Mechanical properties of refractory TaTiNb, TaTiNbZr, and
TaTiNbZrX (X=Mo, W) alloys at 295K and 873 K—yield stress, oys,
peak stress, opeak, COMPpressive strain to fracture, €, and Vickers mi-
crohardness, HVy s—are presented at Figs. 10 and 11 and summarized
in Table 3.

The results of H, measurements are presented in Fig. 10. The
hardness of TaTiNb alloy, TaTiNbZrMo, and TaTiNbZrW RHEAs pre-
pared by HEBM (t=60min) and SPS consolidation (1373K,
t=10min) exceed that for SPS-produced ones using unprocessed
elemental powders by 50-80%. Moreover, the H, value (13 GPa) for
TaTiNbZrwW RHEA (HEBM for 60 min, SPS at 1373 K) is the highest
among the HEAs listed in [39]. An extraordinary high hardness of the
alloy can be associated with (a) solid solution strengthening caused
by strong lattice distortion [3] and (b) ultrafine-grained structure
and associated grain boundary strengthening.

In case of TaTiNbZr RHEA, HEBM led to a 10-% drop in H,, as
compared to SPS-consolidated non-milled samples. This can be at-
tributed to the phase/structural transformations taking place during
HEBM. The high hardness of TaTiNbZr alloy obtained from starting
powder blend can be explained by the presence of binary phase
inclusions at HEA grain boundaries. The decrease in hardness of this
alloy is caused by grain coarsening in the course of HEBM (Fig. 4).

The engineering compression stress-strain curves for TaTiNb,
TaTiNbZr, and TaTiNbZrX (X = Mo, W) alloys obtained at 295K and
873K are shown in Fig. 11. For all studied alloys the compressive
strength (at 295 K) of TaTiNbZrW RHEA alloy sintered from HEBM
powders attained a maximum value of 2665 MPa (Fig. 11b), which is
30% higher than for the same alloy produced from non-milled
powders (Fig. 11a).

At room temperature, the TaTiNb alloy produced from un-milled
powders demonstrated relatively low yield stress (1135 MPa), good
ductility (~20%), and fractured after reaching a stress of 1765 MPa,
thus revealing reasonable strain hardening capacity (Fig. 11a). The
refractory TaTiNbZr and TaTiNbZrMo exhibited a good combination
of ductility and compression strength: 6% and =1500 MPa. The ad-
dition of W to TaTiNbZr alloy sharply decreased the ductility (down
to 2-3%) but raised the strength (up to 1800 MPa)—due to the low
ductility of pure W (about 1%) in comparison with a high one for Mo
(10-15%) [40,41]. After HEBM, decent ductility (~6%) was only re-
vealed by TaTiNb alloy. On the other hand, HEBM raised the com-
pression strength by 20-30%, which can be associated with the grain
refinement and generation of lattice defects.

The alloys produced in both routes, i.e. from elemental powders
and after HEBM, demonstrated an increase (non-linear) in their
strength with increasing number of components. Recently, a similar
finding was reported for the Hf~-Nb-Ta-Ti-Zr RHEAs produced by arc
melting followed by thermomechanical processing [42]. In this case,
an increase in material strength was attributed to higher solid
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solution hardening. It is reasonable to suggest that the same reason
is applicable to variation in the strength of program alloys.

Here we have calculated the solid solution strengthening (SSS)
for the hypothetical single-phase bcc alloys following the
Coury-Kaufman-Clarke model [43]. For TaTiNb, TaTiNbZr, and Ta-
TiNbZrX (X =Mo, W) alloys at room temperature, these magnitudes
were found to have a value of 263, 1029, 1538, and 1594 MPa, re-
spectively. The above values quantitatively correlate with the ex-
perimental data (Table 3). For example, the TaTiNb and TaTiNbZrwW
alloys have the lowest and the highest yield strength, respectively, in
accordance with predicted SSS values. Yet the measured values of
yield strength were noticeably higher than predicted by the SSS
model. Several reasons are likely to be a reason. First, contrary to the
single bcc phase structure assumed in the model, the real alloys have
a complex multiphase structure (Figs. 1-8). The constitutive phases
had different chemical compositions, often far from nominal ones.
Therefore, the above calculations give only a rude assessment of SSS
in the program alloys. Second, the alloys have a very fine structure
with nanocrystalline grains (Table 2). Therefore, the Hall-Petch
strengthening [44] must provide a significant contribution to the
strength of the program alloys. However, due to a complex multi-
phase structure of the alloys, quantitative analysis of grain boundary
strengthening looks problematic.

Typical strength-ductility trade-off is observed for the program
alloys, i.e. stronger alloys exhibit lower ductility, probably due to
lower strain hardening capacity. At 873 K, the ductility of the alloys
produced from initial powders increased considerably (Fig. 11c)
compared to that at 295K (Fig. 11a), yet at the expense of their
strength. For HEBM-produced alloys, the compression strength at-
tained a value of 1600-1700 MPa (Fig. 11d). Interestingly, the duc-
tility of the alloys at 873 K after HEBM decreased in comparison with
that at room temperature. No solid explanation for this observation
can be presented now. It can be supposed that due to a fine-grained
structure, the oxygen in-take occurs in a very rapid mode at 873 K in
the alloys produced by HEBM and cause significant embrittlement.
However, additional work is required to verify this assumption.

3.4. Electrical resistivity and thermal conductivity

Temperature dependences of electrical resistivity for SPS-con-
solidated samples obtained from non-milled and HEBM-processed
powder blends are presented in Fig. 12a. The resistivity (r) is seen to
be metallic, i.e. it grows with increasing temperature.

An increase in r upon the implantation of Zr, Mo, and W atoms
can be attributed to the electron scattering on structural defects.
RHEA bulk samples produced from HEBM powders blends show
higher r values compared to those derived from initials powder
blends, which also be explained by a higher amount of structural
defects. The addition of Mo and W atoms produces little or no in-
fluence on r, HEBM-produced bulk TaTiNbZrW alloy showing the
largest magnitude. The latter can be due to a low density of sintered
samples (85% of theoretical). The relative density of other samples
was 95-97%.

Fig. 12b-d present thermal conductivity k and its components ki
and kg as a function of temperature. Electronic component kg was
calculated in terms of the Wiedemann-Franz law. Introduction of Zr,
Mo, and W atoms decreases k (Fig. 12b) due to additional phonon
scattering on lattice distortions caused by different radius and mass
of Zr, Mo, and W atoms [45]. Moreover, bulk RHEAs produced from
HEBM powder blends show lower lattice component k; (Fig. 12c)
because of additional scattering on the surface of mechan-
ocomposites. As concerning kg (Fig. 12d), its decrease caused by the
presence of Zr, Mo, and W atoms can be associated with lower
mobility of charge carriers in the presence of guest atoms.
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4. Conclusions

(1) Refractory TaTiNb, TaTiNbZr, TaTiNbZrX (X =Mo, W) high en-
tropy alloys can be readily prepared by combined use of short-
term high energy ball milling (HEBM) and spark plasma sin-
tering (SPS).

SPS consolidation of HEBM-produced RHEA powders at 1373 K
for 10 min gives bulk RHEA materials with an ultra-high Vickers
hardness of 8.5 GPa and 13 GPa for TaTiNbZrMo and TaTiNbZrW
alloys, respectively.

Nanocrystalline structures formed during HEBM of RHEA pow-
ders are preserved in SPS-consolidated refractory alloys.

HEBM leads to an increase in compressive strength for all stu-
died refractory alloys. At 295 K, the compressive strength of the
TaTiNbZrW RHEA alloy sintered from HEBM-processed powders
attained its maximum value at 2665 MPa, which is 30% higher
than that of the same alloy produced from non-milled powders.
HEBM-produced RHEA bulk samples show higher values of
electrical resistivity (r) compared to those prepared from non-
milled powders. A maximum electrical resistivity
(132-143.6 Qcm in the range 298-573K) is exhibited by
TaTiNbZrW RHEA.

A decrease in thermal conductivity takes place: (a) upon in-
troduction of Zr, Mo, and W atoms to TaTiNb-based alloys due to
additional phonon scattering on lattice distortions caused by
different radius and mass of Zr, Mo, and W atoms and (b) for the
HEBM-prepared bulk alloys because of additional phonon scat-
tering on the surface of mechanocomposites.
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