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Abstract

In this paper, the synthesis of a high-entropy Ti-Zr-Hf-Ni-Co-Cu alloy (HEA) by powder metallurgy (PM) methods was
investigated. This alloy is prospective from high-temperature shape memory effect point of view. The composition of
(TiZrHf)5,Ni,sCo,(Cu, 5 was chosen for the study as it promised to show high functional properties. In order to synthesize
the alloy, spark plasma sintering (SPS) of its spherical powder was used. The spherical powders were previously obtained
by mechanical alloying of elemental powders and subsequent plasma spheroidization (PS). It was shown that the structure of
the bulk samples consisted of B2-TiNi-type austenite, low-melting eutectic CuZr and C15 Laves phase. The eutectic, which
precipitates during the SPS process, prevents deforming spherical particles and leads to low mechanical properties since
the material does not work as a monolith one. The compressive ultimate stress was 425 + 15 MPa. However, the hardness
of more than 600 HV that is higher than for any binary intermetallic compounds consisted of the HEA elements promises
good prospects of PM methods for production of such alloys. For this purpose, a problem of high oxygen content that also

results in the liability to brittle fracture should be solved.
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Introduction

For the last 15 years, a new direction has been actively
developing in the creation of structural materials based on
high-entropy alloys (HEA) [1-5]. According to the cur-
rently accepted basic definition, these alloys are consisting
of at least five components with the content in the range of
5-35 at.% [2]. Despite the multicomponent nature of most
HEAs, even alloys with twenty elements mainly consist of
a single phase based on the face-centered, hexagonal close-
packed or body-centered cubic lattice [1]. However, the for-
mation of some inter-dendritic phases during production of
HEA by various melting methods makes alloys with a very
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large number of elements brittle and unsuitable for use in
practice [1]. At the same time, the experimental data avail-
able at the moment allows to distinguish five-component
compositions that have a single-phase structure and dem-
onstrate unique properties compared to conventional alloys
with one or two main components [1]. High-entropy alloys
have higher wear-resistance, corrosion-resistance, and
strength properties [3, 6-10]. Solid solutions based on five
or more components will tend to be more stable at elevated
temperatures due to the large entropies of mixing [11, 12].

Due to a huge number of possible combinations of ele-
ments in the HEAS, the areas of their potential application
are also very wide. Recently, researchers have begun to show
interest in the creation of high-entropy alloys with shape
memory effect (SME). High-entropy Ti-Zr-Hf-Ni-Co-Cu
alloys were studied in [13-16]. Such alloys are pseudo-
binary intermetallic compounds based on TiNi which is well
known for its shape memory effect [17-20] and is already
very widely used in practice, in particular, in medicine [21,
22]. The addition of elements that are highly soluble in
titanium (Zr, Hf) or nickel (Co, Cu) [23-25] preserves the
crystal structure of TiNi. But at the same time, it allows
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to vary the temperatures of the martensitic transformation
(MT) responsible for the exhibition of SME in a wide range
since the use of TiNi is limited to a maximum temperature
of 100 °C [20, 23, 26-29]. It also allows to improve their
mechanical characteristics [23, 30-33]. At the same time,
the application of the basic principle of high-entropy alloys
(equiatomic composition) provides achieving better func-
tional properties compared to non-equiatomic compositions
[31].

In [13-16], Ti-Zr-Hf-Ni-Co-Cu alloys were obtained by
multiple remelts using conventional methods of arc and vac-
uum arc melting, and sometimes the ingots were subjected
to subsequent rolling. These methods make it possible to
obtain ingots of a given chemical composition [34]. At the
same time, even the use of these methods does not guarantee
complete uniformity of the chemical composition over the
volume of the ingot and the content of impurities at the same
level and can lead to a large variation in the MT tempera-
tures of ingots of the same composition obtained at differ-
ent production [14, 35]. Another problem of these methods
is the presence of a large number of refractory elements
in the HEA which makes the melting process very energy-
intensive and requires the use of special high-temperature
equipment. To partially solve these problems, it is possible
to use the methods of powder metallurgy (PM) which allows
to avoid heating to the melting points of the components
and to use lower temperatures. One of the modern meth-
ods of PM is spark plasma sintering (SPS) which consists
of the combined action of external pressure and passing a
pulsed pulsating current through the powder that intensifies
sintering. In [36—40], the possibility of using SPS to obtain
compact samples with a relative density about 99% from
powders of refractory HEAs was shown. The general trend
in these works is to refine the grain in comparison to ingots
obtained by conventional methods that leads to a significant
increase in yield strength, ultimate strength and hardness but
also reduces the plastic properties. Also for each composi-
tion, it is necessary to select peculiar temperature and time
modes to ensure a single-phase structure in the HEA.

At the moment, there are quite a few works devoted to
the production and study of functional HEA, in particular,
those that can exhibit the shape memory effect obtained by
PM methods.

The aim of this work was to study the process of spark
plasma sintering of a high-entropy Ti-Zr-Hf-Ni-Co-Cu alloy
powder obtained by mechanical alloying of elemental pow-
ders with subsequent plasma spheroidization and to ana-
lyze its effect on the chemical composition, structure and
mechanical properties of the HEA.

Materials and Methods

Spherical powders of high-entropy (TiZrHf)5,Ni,;Co,,Cu,;
alloy obtained by mechanical alloying with subsequent
plasma spheroidization were used for research. Mechanical
alloying (MA) is one of the most technologically advanced
methods of powder metallurgy for the production of pow-
ders of various compositions. It is carried out due to inten-
sive mechanical impact on the initial powder material
resulting in the element penetration into each other, up to
chemical interaction between them. The rotation speed of
the working parts of the mill and the impact time are the
main technological parameters that determine the energy
characteristics and intensity of the process.

Elemental powders of Ti (99.5% purity) with the parti-
cle size of 100—150 pm, Zr (99.0% purity) with the average
particle size of 10 pm, Hf (99.9% purity) with the particle
size of 40-60 pm, Ni (99.5% purity) with the particle size
of 71-250 pm, Co, Cu (99.5% purity) with the particle size
of up to 100 pm were used as initial materials.

Mechanical alloying was carried out using the Fritsch
Pulverisette 4 vario-planetary mill (Germany) in a high-
purity argon atmosphere. The ratio of the mass of the
milled material to the mass of the milling balls was 1:20,
and the rotation speed of the planetary disk/cup was 200/-
400 rpm. The MA time was 5-20 h, the diameter of the
milling balls was 8—10 mm, and the weighted average
diameter was 8.6 mm.

Plasma spheroidization was performed by using Tek-15
unit (Tekna Plasma Systems Inc.). The process parameters
were as follows: plasma torch power—15 kW; powder feed
rate—35-40 g/min; plasma-forming gas is argon-hydrogen
mixture, gas consumption: Ar-50 slpm, H,-3.5 slpm; feed
point—O0 mm (in the center of the induction coil).

Spark plasma sintering was performed by using FCT
HPD 25 (FCT Systeme GmbH, Germany). Sintering was
carried out in graphite molds @80 mm at the tempera-
ture of 900 °C. The sintering temperature was selected
based on calculated phase diagrams. The sintering load
was 250 kN applied after heating the sample to 900 °C.
The heating rate was 50 °C/min, and the load raising rate
was 125 kN/min. The holding time at the temperature of
900 °C and the pressure of 250 kN was 2 min. Time of
cooling from 900 to 400 °C was 1 min.

The phase composition was determined by x-ray phase
analysis by using Bruker D8 Advance unit in Cu Ka radi-
ation (4 = 0.15418 nm). Further processing of the data
was carried out by using the Rietveld method with Bruker
Diffrac Plus Topas program. The morphology, structure,
chemical composition and element distribution over the
cross section of the samples were studied using a Tes-
can Mira 3 LMU scanning electron microscope equipped
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with attachment for energy-dispersive spectral analysis. Results

The porosity of the samples after SPS was determined by

hydrostatic weighing. The hardness of the samples was Figures 1 and 2 show maps of component distribution
determined by the standard Vickers scale method. by volume of powder particles after mechanical alloying

Fig. 1 Component distribution in the powder particles of (TiZrHf);yNi,sCo,,Cu,5 composition after MA for 5 h (rotation speed of planetary
disk-200 rpm, grinding cup-400 rpm): (a) general appearance, (b) Ti, (¢) Zr, (d) Hf, (e) Ni, (f) Co, (g) Cu

Fig.2 Component distribution in the powder particles of (TiZrHf)s,Ni,sCo,,Cu,s composition after MA for 20 h (rotation speed of planetary
disk-200 rpm, grinding cup-400 rpm): (a) general appearance, (b) Ti, (¢) Zr, (d) Hf, (e) Ni, (f) Co, (g) Cu
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process during 5 and 20 h. At the beginning of the MA
process due to intense plastic deformation, the particles
of the initial powder are flattened and welded together to
form a composite. It was found that the powder particles
after 5 h of MA have a layered structure with a thickness
of lamellae up to 60 pm. With an increase in the MA dura-
tion, the thickness of the lamellae decreases and reaches a
size of less than 200 nm after 20 h of MA. But it is worth
noting that the process of mutual dissolution of the ele-
ments of the initial composition differs from the interac-
tion inherent for only plastic components since the initial
elements used in this paper differ significantly in hardness
and plasticity from each other. Powder particles consisting
of plastic components (for example, Ti and Ni) are flat-
tened and joined by mechanism similar to cold welding to
form layered composites [41].

In a mixture of plastic and brittle components, the brit-
tle particles are destroyed and then covered with plastic
particles. The inclusions of the brittle components have a
fragmentary shape. This situation can be seen in Fig. 2.
With a further increase in MA duration, the main pro-
cesses are homogenization of the chemical composition
and interaction between the initial components leading
to reduction of the free energy of the system. After 20 h
of MA, the alloying elements are almost uniformly dis-
tributed over the volume of the powder and correspond
to the initial chemical composition (Fig. 2). In addition,
the brittle particles of Hf and Zr themselves are prone to
intermetallic formation which is intensified with prolonged
MA due to an increase in local temperatures and the time
of their exposure. The brittle particles are gradually dis-
integrated with prolonged MA. The average particle size

after 20 h of MA was 30 pm. Maximum particle size was
90 pm.

Taking into account the ratio of the components sizes in
the HEA it can be assumed that during mechanical alloying
in this system diffusion mainly takes place at defects in the
crystal lattice. It is widely believed that the rate of phase
transformations during mechanical alloying also depends on
diffusion mobility of the components. However, the coeffi-
cients of mutual diffusion and their change with temperature
at a high concentration of point, linear and plane defects are
not known. It is believed that they can be several orders of
magnitude higher than the diffusion coefficients attributed
to stationary conditions.

According to chemical composition analysis, it was
shown that the confidence interval of deviation from the
average composition in the powder particles after 5 h of
MA is 10-25% that indicates a strong heterogeneity of the
chemical composition of individual powder particles. With
an increase in MA duration, the confidence interval of devia-
tion decreases that indicates the alignment of the chemical
composition for individual powder particles.

Due to intensive mechanical impact on the milled mate-
rial, mechanical alloying also leads to a change in mate-
rial structure by inducing a large quantity of defects which
increases with increase in MA duration. It ultimately leads
to the formation of an x-ray amorphous structure (Fig. 3).

As a result of the study of subsequent treatment in the
flow of thermal argon-hydrogen plasma generated in a high-
frequency plasma torch, experimental samples of HEA pow-
ders with various degrees of spheroidization were obtained
(Fig. 4). The studies of the powder particle morphology
powder have shown that the proportion of spheroidized
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Fig.4 Morphology (a, b) and structure (¢, d) of (TiZrHf)s,Ni,sCo,,Cu,s alloy powder particles after plasma spheroidization at the plasma unit
power of 15 kW and the feed rate of 38 g/min at various magnifications : (a) 1000 x (SE and BSE); (b) 5000 X; (¢) 1000 x (d) 5000 x

particles in the obtained powders is more than 95%. At the
same time more than 85% of the particles have a spherical
shape, less than 5% have an irregular shape, the rest ones
have a rounded shape with a shape factor (the ratio of the
largest dimension of a particle to the smallest one) of 1.2-2.
Due to the presence of a large number of small particles
in the initial powder, their partial evaporation occurs dur-
ing plasma spheroidization, followed by condensation of
the vapor as nanoparticles on the surface of the powder
(Fig. 4b).

The initial temperature of the plasma is significantly
higher than the boiling point of the material particles. When
small metal particles are heated in a high-temperature gas
flow, the temperature on their surface does not differ much
from the temperature in their center. It means that evapora-
tion occurs not due to overheating of the surface layer of
the particles but as a result of evaporation of the smallest
particles having time to heat up to the boiling point dur-
ing their stay in the high-temperature zone. The resulting
coating of submicron particles negatively affects the tech-
nological characteristics of the resulting powder. It reduces
fluidity and increases the content of oxygen impurities due

@ Springer

to oxidation of submicron particles under contact with air. It
is necessary to classify the initial powder to reduce the effect
of submicron particle formation. The result of the classifica-
tion is removing of submicron particles and then a narrow-
fraction powder is processed. Figure 5 shows the data on the
effect of different processing modes on the granulometric
composition of the powders.

Analysis of (TiZrHf)s,Ni,sCo,,Cu,s powder particle
structure shows that the particles have a fine-grained struc-
ture with an average grain size of about 3 pm (Fig. 4). There
are no micron-sized and submicron-sized pores in the cross
sections of the particles. At large magnifications, the second-
ary phase is observed in the alloy. It differs from the base in
contrast. A lighter shade indicates that the inclusions have a
higher density in comparison to the base phase.

The component distribution maps showed that there was
increased hafnium and zirconium content in the areas of
secondary phase formation (Fig. 6).

The secondary phase precipitates are small enough for
micro-x-ray spectral analysis. However, summarizing these
results with the XRD results (Fig. 7), it can be assumed
that the secondary precipitates are a mixture of hafnium and
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Fig.5 Change in the granulometric composition after plasma sphe-
roidization of the HEA

zirconium-based intermetallic compounds (ZrHf, 5,,) and
HfO, and ZrO, oxides which may be a result of impurities
in the initial elemental powders.

Bulk samples of the HEA had the shape of disks with
@80 mm and 2 = 10 mm and were obtained according to the
selected SPS modes. The porosity of the resulting blanks is
1%. Figures 8 and 9 show the microstructure and component
distribution over the cross section of the bulk sample. Dur-
ing sintering a low-melting point eutectic CuZr is evolved,

its melting point is 920 °C according to its phase diagram.
The separation of the liquid phase prevents the deformation
of the initial powder particles (Fig. 8). Thus, in the SPS
process, compaction occurs not due to the interaction of
particles with each other but due to the connecting with the
low-melting point eutectic.

As a result, two-phase components are found in the bulk
sample that differ in contrast. The gray matrix has a phase
structure corresponding to B2-TiNi austenitic state, and the
light gray precipitates corresponding to Laves phase. These
data are confirmed by the XRD results (Fig. 7).

The average grain size of B2-austenite and Laves phase
inclusions after SPS process is ~ 2-3 pm. The structure cor-
responds to the structure of the initial powder which was
formed during the plasma spheroidization process. The main
phase component in the samples after SPS and quenching in
water after annealing at 1050 °C is the phase with the crys-
tal lattice corresponding to B2-TiNi with the cell parameter
a =3.1053 A after SPS and ¢ = 3.1112 A after quench-
ing. In addition, there are lines corresponding to zirconium
oxides ZrO, ZrO, and the Laves phase.

The x-ray lines of B2-austenite are asymmetric and
have the shape of asymmetric doublets. The periods of
the B2-lattice calculated from the coordinates of the sin-
gletons of each doublet of the same sample are identical
within a very small error (3.0863-3.1112 A). These obser-
vations lead to the conclusion that the B2-austenite is not a
homogeneous phase but is separated into two phases (two

..

..

Fig.6 Component distribution maps in (TiZrHf)s)Ni,sCo,,Cu,5 powder after plasma spheroidization: (a) investigated area; (b) Ti; (¢) Co; (d)

Ni; (e) Cu; (f) Zr; (g) Hf; (h) Fe
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Fig.7 Phase composition of HEA powders before and after plasma
spheroidization, spark plasma sintering and quenching

solid solutions, notionally named B2, and B2,) with well-
defined, close to average lattice periods.

Table 1 shows the average chemical composition of the
bulk HEA samples made by SPS process. The chemical
composition almost coincides with the nominal composi-
tion of the powder obtained by mechanical alloying and
plasma spheroidization that indicates a high degree of
solubility of all the elements in the alloy. The Laves phase
has a composition close to (Zr, Hf);Cu,,.

Fig.8 Structure of bulk sample i £ AR
of (TiZrHf)5(Ni,sCo,,Cu, 5 alloy
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Table 2 and Fig. 10 show the results of mechanical com-
pressive tests and hardness measurements for the bulk HEA
samples obtained by SPS. The results showed that the bulk
samples obtained by SPS have no plasticity. All samples
were destroyed in the elastic deformation zone. This type of
destruction is due to the fact that the adhesion of the initial
powder particles occurs due to precipitation of the molten
eutectic intermetallic phase and oxides along the boundaries.
With this way to compact samples, the material does not
work as a monolith sample.

Due to the high brittleness of the synthesized samples, it
was not possible to test the functional properties character-
istic of shape memory alloys, in particular, the martensitic
transformation temperatures and reaction stresses, since the
samples were destroyed in the holder even before the tests
began.

Discussion

Analysis of the component distribution over the sample cross
section after SPS (Fig. 9) showed that the distribution of
elements in the B2 phase is almost homogeneous, and the
Laves phase is enriched in Zr and Cu. The resulting Laves
phase precipitated in the voids between the powder particles.
The formation of microcracks along the interface between
the particles of the initial powder and the resulting eutectic
can be seen. This is probably due to the precipitation of
oxide phases along the interface. The component distribu-
tion maps show the presence of oxygen which is consistent
with the XRD results which established the presence of zir-
conium oxides ZrO and ZrO,. A detailed study found that
the highest oxygen content is concentrated at the boundaries
of the resulting microcracks. The presence of the oxides in
the resulting alloys can be explained by the content of unde-
sirable impurities in the initial materials as well as by the
absorption of the oxygen by the material during processing
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Fig. 9 Component distribution maps in bulk sample of (TiZrHf)5(Ni,sCo,,Cu,5 alloy obtained by SPS: (a) investigated area; (b) Ti; (¢) Zr; (d)

Hf; (e) Ni; (f) Cu; (g) Co; () Fe; (i) O

Table 1 Chemical composition (wt.%) of bulk sample of (TiZrHf)5;Ni,sCo,,Cu,5 alloy obtained by SPS

Sample name Ti Zr

Ni Cu Co Fe

(TiZrHf)5oNiysCu,5Coy 22.97 13.32

19.34

26.95 6.52 6.88 4.01

because titanium and zirconium alloys are sensitive to even
insignificant concentrations of oxygen in a low vacuum.
The analysis of the mechanical test results for the bulk
HEA samples showed that the hardness of the synthesized
samples was more than 600 HV which was significantly
higher than for any single binary intermetallic such as TiCo,
TiNi (250 HV), ZrCo (280 HV), HfCo (250-280 HV) and

corresponds to the hardness of HEAs of a similar composi-
tion obtained by conventional smelting technologies [42].
In addition to the influence of high distortions in the
crystal lattice which lead to the implementation of solid-
solution hardening mechanism, a sufficiently strong
influence is exerted by Laves phase C15 precipitation.
They both lead to a significant increase in the strength
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Table 2 Mechanical characteristics of bulk HEA samples obtained by
SPS

Sample name Compressive strength, Vickers

MPa hardness,
HV
(TiZrHf)5oNiysCu,5Coy 410 678.2
SPS
(TiZrHf)5yNiysCu,5Co 440 701.8
SPS + quenching
500 —
—— After SPS
—— After quenching
400 +
]
C 300 4
=
)
5
@
2
Q200+
100 -
0

*: T L T i T T d 1
000 005 0,0 0,45 0,20 0,25
Deformation, %

Fig. 10 Mechanical characteristics of bulk
(TiZrHf)50Ni25Cu15Co10 alloy obtained by SPS

samples

characteristics of (TiZrHf)5,(NiCoCu)s, alloys. The Laves
phases are formed when the difference between the largest
and the smallest atomic radii of the elements included in
the alloy is in range from 1.08 to 1.68. Its optimal value
for the formation of the Laves phase C15 is 1.32 [43].
This value is 1.281 for the alloys of (TiZrHf)5,(NiCoCu)s,
type [42]. The relationship between the fraction of the
formed phase and the content of Zr + Hf was revealed
when analyzing the factors influencing the formation of
C15 phase [42]. With an increase in the combined content
of Zr and Hf, the proportion of the Laves phase C15 also
increases from 1.7 + 0.2% in the TizZr,,NiuCosCus alloy
to 5.0 £ 0.6% in the equiatomic Ti-Zr-Hf-Ni-Co-Cu alloy
(Tij6.672116.67HF16.67N116.67C016.67C016.67)-

With an increase in the difference in atomic radii and,
as a result, with an increase in the lattice distortions, the
strength of the alloy increases and its ductility decreases

@ Springer

that is consistent with the generally accepted material sci-
ence data on the mechanical properties of metal alloys.

When analyzing the values of the compressive strength
and plasticity of the synthesized SPS samples, it can be
seen that they are very inferior to the samples obtained
by conventional technologies. In particular, in [42], for
TizyZr o Hf | (NiygCo,oCuyg, TiygZrsHf 5NiyiCo,5Cu;5 and
Ti 6 6721 16.67HE 16.67N116.67C016.67C0 6 67 COmMpositions, the
ultimate strength is given in the range of 1590-2274 MPa.
At the same time, the plasticity of the synthesized SPS sam-
ples is also significantly lower. In [42], it is from 0.63 to
3.8% for these alloys.

A significant deviation of the mechanical characteristics
from the reference data is due to the presence of brittle Laves
phases as well as to the high content of impurities (oxides)
and the methods of making bulk samples. Oxygen is mainly
concentrated at the boundaries of the powder particles as can
be seen from the component distribution maps in the bulk
samples. This can lead to brittle fracture along the bounda-
ries of the particles under mechanical impact. Also, as a
result of the SPS of (TiZrHf)s;Ni,sCu,;5sCo,, alloy, a low-
melting point eutectic precipitated between the particles that
is clearly seen in the SEM images of the sections of the bulk
samples and according to the analysis of the chemical com-
position of the particles themselves and interparticle regions.
This effect leads to the fact that the material does not work
as a monolith and is destroyed at eutectic boundary at low
loads and almost without plastic deformation.

In the references, there are the results of obtaining HEA
with SME by vacuum melting methods which makes it pos-
sible to produce significantly cleaner alloys without impu-
rities. The presence of the oxides in the alloys synthesized
in this work can be explained by the content of undesirable
impurities in the initial materials as well as by the absorp-
tion of the oxygen by the material during its subsequent
processing. These facts indicate the further need to find a
way to reduce the oxygen content at all stages of Ti-Zr-Hf-
Ni-Co-Cu alloy synthesis because the powder metallurgy
methods are of growing special interest to produce products
of complex shape and composition with a large number of
refractory elements.

Conclusion

When studying the bulk samples obtained by SPS from HEA
powders synthesized by mechanical alloying and plasma
spheroidization, it was found that during sintering a low-
melting eutectic CuZr with melting point of 920 °C precipi-
tated. The separation of the liquid phase prevents the defor-
mation of the particles of the initial powder. It resulted to the
conclusion that in the process of SPS the compaction occurs
not due to interaction of the particles with each other but due
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to connecting them by the melt of the low-melting eutectic.
In the bulk sample, two-phase components different in con-
trast are found. The gray matrix has a phase structure corre-
sponding to the austenitic state of B2-TiNi and the light gray
inclusions have a structure corresponding to Laves phase.
The data are confirmed by the XRD results. The average
grain size of B2-austenite and Laves phase inclusions after
SPS is ~ 2-3 pm. This structure corresponds to the structure
of the initial powder which was formed during the plasma
spheroidization process.

The hardness of the HEA samples is more than 600 HV
which is significantly higher than for any single binary
intermetallic such as TiCo, TiNi (250 HV), ZrCo (280 HV),
HfCo (250-280 HV) and corresponds to the hardness of
the HEA of a similar composition obtained by conditional
smelting technologies.

The ultimate strength and plasticity are significantly
lower than for similar alloys obtained by conventional meth-
ods because of the formation of eutectic between the parti-
cles and the oxygen concentration at the boundaries of the
particles that have not melted during spark plasma sintering.
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