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Abstract In this paper, the TiysZrpsNiysCojgCuys high
entropy alloy has been investigated. A novel approach to
manufacture high-temperature shape memory alloys is
proposed. A fundamental possibility to obtain compact
samples by powder bed fusion using a laser beam (PBF-
LB) from TiysZrysNirsCojgCuys powder obtained by
mechanical alloying and plasma spheroidization is shown.
During PBF-LB, a mixed structure is formed. It consists of
B2-TiNi-type austenite with Laves phases and zirconium
oxides. The average grain size is around 5 pum. The hard-
ness of the alloy produced is more than 600 HV and sig-
nificantly exceeds that of the alloy produced by
conventional techniques. The ultimate compressive
strength and the compressive yield strength of the samples
are 640 MPa, and 600 MPa, respectively, meaning the
synthesized samples are significantly inferior to the alloys
produced by conventional smelting technologies. However,
the ductility of 1.3% is comparable to that of similar alloys
and indicates potential prospects of PBF-LB to manufac-
ture Ti—Zr—Ni—Co—Cu HEAs.
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1 Introduction

Nowadays, there is a tendency to design multi-component
alloys with an almost equiatomic ratio of elements without
an explicit base that leads to increase in the alloy’s total
entropy [1-3]. HEAs have proved to be alloys of high
strength, wear, and corrosion resistance [3, 4].

However, their potential application is not limited to
structural applications. Researchers currently show an
interest in the functional properties of HEAs, in particular,
in the shape memory effect (SME) [5]. A conventional,
well-studied, and practically used shape memory alloy
(SMA) is titanium nickelide TiNi. In papers [6-8], the
authors took it as a base to design Ti—Zr—Hf-Ni—Co—Cu
HEA with SME. In this composition, Zr and Hf make a
substitutional solid solution with Ti, and Co and Cu
occupying Ni positions that results in the formation of
pseudobinary intermetallic (TiZrHf)(NiCoCu)-type com-
pounds with similar to true binary intermetallic com-
pounds’ properties. However, implementation of the HEA
conception and addition of refractory elements widens their
working temperature range and improves mechanical and
functional properties [9, 10]. High-temperature SMAs can
be used to manufacture new generation of valves for
nuclear reactors. Such valves will operate automatically
due to changes in the temperature of working gases within
the SME temperature range which is much higher than a
room temperature.

The functional properties of the SMA are associated
with B2 < B19’ martensitic transformation, which is
observed in an extremely narrow range of valence electron
concentrations (VEC) = 7.0-7.2 for Ti—Zr-Hf-Ni—Co—-Cu
alloys [11]. According to analysis of papers [6—8], to obtain
a high-temperature SME, the (TiZrHf)5oNiysCo;oCuys
composition offers an advantage. However, the presence of
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Hf in the composition leads to a high probability of the
formation of HfNi-type intermetallic compounds. It is
caused by a decrease in the mixing entropy (AS (mix)) of
the system, as well as the enthalpy contribution (AH (mix))
of Hf. Also, due to a decrease in the Ti content resulting
from its partial replacement with Hf, the probability of
precipitation of NiZr and Ni,;Zry-type intermetallic com-
pounds also increases.

In papers [6-8], Ti—Zr-Hf-Ni—Co-Cu alloys were
manufactured by arc melting; on several occasions, the
ingot was subjected to subsequent rolling and heat treat-
ment. As a result, it is possible to obtain only standard,
quite simple product shapes such as rods, sheets, slabs
which can no longer fully meet the growing demand for
complex-shaped items in modern machinery.

One of the promising directions in the field of designing
unique products of complex shapes is using additive 4D-
technologies [12, 13]. They imply the use of additive
manufacturing (AM) to create objects from smart materi-
als, including SMAs [12].

The feedstock material for AM of metal products is
usually a powder that must meet several stringent
requirements. The main criteria are a high degree of
sphericity and a relatively narrow fractional composition.
In particular, for powder bed fusion using a laser beam
(PBF-LB), the particle size should be in the range of
20-60 pm. At the moment, one of the most widespread
methods to obtain spherical metal powders of various
compositions is gas atomization [14]; however, it has
several disadvantages, such as a high probability of gas
porosity formation in the particles and the large number of
satellites on the particles’ surface [14].

In papers [15, 16], to obtain spherical metal powders, a
combination of mechanical alloying (MA) and plasma
spheroidization (PS) was proposed. This combination
makes it possible to obtain metal powders with a wide
range of chemical compositions. In addition, at the MA
stage, the alloy’s synthesis occurs without a melting pro-
cess, which is especially important for the synthesis of
refractory alloys. Plasma spheroidization allows the pro-
duction of non-porous powders with a high yield of per-
fectly spherical particles.

Despite many papers devoted to manufacturing binary
TiNi by AM [13, 17] and producing feedstock powders
[18, 19], the direction of high-entropy SMAs produced by
AM has not been studied in-depth.

This work aims to study the full production cycle of
high-entropy shape memory Ti—Zr-Co-Ni—Cu alloy by
PBF-LB with preliminary production of spherical powders
by a combination of MA of elemental powders and sub-
sequent PS and to analyze the effect of each technological
stage on the HEA chemical composition, structure, and
mechanical properties.
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2 Materials and Methods

Optimal compositions were calculated by the CALPHAD
method using Thermo-Calc software and the TCHEA4
database according to the criteria described in the Intro-
duction section.

Due to this reason, the Hf-free Ti,sZr5NiysCojoCuys
alloy was chosen for the research. The powder of this alloy
was synthesized by MA followed by PS.

Elemental powders of Ti (purity 99.5%, particle size
100-150 pm), Zr (purity 99.0%, average particle size
10 pum), Ni (purity 99.5%, particle size 71-250 um), Co
(purity 99.5%, particle size 100-150 pm), Cu (purity
99.5%, particle size up to 100 pm) were used as feedstock
materials.

Mechanical alloying was carried out by using a Fritsch
Pulverisette 4 (Germany) vario-planetary mill in a high-
purity argon atmosphere. High-strength steel balls with
diameter of 7-10 mm were used for MA. The ratio of the
mass of the milled material to the mass of the milling balls
was 1:20, the rotation speed of the planetary disk/bowl was
200—400 rpm. The milling time was 5-15 h.

Plasma spheroidization was carried out by using a Tek-
15 unit (Tekna Plasma Systems Inc.). The process param-
eters were as follows: plasma unit power, 15 kW; powder
feed rate, 38 g/min. The plasma-forming gas was an
argon-hydrogen mixture, consumed at rates of 50 1/min
(Ar) and 3.5 1/min (H,). The feed rate point was 0 mm (in
the center of the induction coil).

Powder bed fusion using a laser beam was carried out
using an SLM Solutions SLM 280 3D printer. The tech-
nological parameters are shown in Table 1. As a result, the
values of the volume energy density (VED) calculated
according to Eq. (1) are in the range of 120-154 J/mm®.

P
" veh-t )
P-laser power, V—scanning speed, A-hatch distance, r—
layer thickness.

MV1 double mode differs from MV1 mode by repeated
laser scanning of each layer using MV1 mode parameters.
After PBF-LB, the samples were annealed at 1050 °C in
argon for 5.5 h with subsequent water quenching.

The phase composition was determined by X-ray
diffraction (XRD) analysis by using a Bruker D8 Advance
X-ray diffractometer with Cu-Ko radiation
(4 =0.15418 nm). Further processing of the diffraction
data was carried out according to the Rietveld method
using the BRUKER Diffrac Plus Topas program. The study
of structure, chemical composition, and distribution of
elements was carried out by using a Tescan Mira 3 LMU
scanning electron microscope equipped with an attachment
for energy-dispersive spectral analysis. PBF-LB samples’




Trans Indian Inst Met (2022) 75(10):2529-2538 2531
Table 1 Powder bed fusion using a laser beam modes

PBF-LB mode P, W V, mm/s h, mm Number of repeats E,, J/mm?>
MV1

Contour 350 800 0.06 3 145
“Body” 288 800 0.06 1 120

MV2

Contour 350 800 0.06 3 145
“Body” 370 1000 0.06 1 123

MV3

Contour 370 800 0.06 3 154
“Body” 288 1000 0.06 1 123

MV1 double

Contour 350 800 0.06 3 145
“Body” 288 800 0.06 2 120

porosity was determined by using Leica DIM5000 optical
microscope equipped with Thixomet Pro software. The
hardness of the samples was determined by the standard
method according to the Vickers scale.

3 Results

Figures 1 and 2 show the element distribution maps of the
powder particles after 5 and 15 h of MA. Mechanical
alloying of the elemental powder occurs according to
similar mechanisms described in [20]. It has been found
that the confidence interval of the deviation from the
average composition in the powder particles with a

Fig. 1 Element distribution in
TistFZSNiZSCOI()CUIS pOWder
particles after MA for 5 h:

a general view; b Ti; ¢ Zr; d Ni;
e Co; fCu

confidence probability of 95% can reach 30% after 5 h of
MA, indicating significant inhomogeneity in the chemical
composition of individual powder particles. An increase in
MA duration leads to a decrease in this parameter to the
values of 1-3% indicating general homogenization. How-
ever, the difference between 10 and 15 h is insignificant,
and the further MA seems inappropriate.

Intense mechanical impact during MA leads to distor-
tions in the crystal lattice, induction of a high concentration
of defects, and complete dissolution of elements (Fig. 3).

The following PS results in a powder made up of over
95% spheroidized particles. More than 85% of the particles
have a spherical shape. Less than 5% of the particles have

@ Springer



2532

Trans Indian Inst Met (2022) 75(10):2529-2538

Fig. 2 Element distribution in
Ti252r25Ni25C010CU15 powder
particles after MA for 15 h:

a general view; b Ti; ¢ Zr; d Ni;
e Co; fCu

Intensity (a.u.)
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2Theta (Degree)

Fig. 3 Phase composition of TiysZr,5NiysCoyoCu;s powder after MA
in the planetary mill

an irregular shape; the rest have a rounded shape with the
aspect ratio from 1.2 to 2.

Cross-sectional analysis of the TiysZrsNiysCojgCuys
powder particles show a fine-grained structure with an
average grain size of 2-3 um (Fig. 4) and absence of
porosity. The alloy contains three phases differing in
contrast (gray, light gray, and dark gray). All three phases
are based on a (TiZr)Niy-type intermetallic compound
with a different stoichiometric ratio. When the molten
particles leave the plasma torch and are cooled, they do not
solidify immediately. Their solidification proceeds gradu-
ally from the surface to the center [14]. As a result, the
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Fig. 4 The structure of TiysZr,5NipsCoqgCuys powder after plasma
spheroidization: a x 1000; b x 5000

shell crystallizes very fast while the core remains liquid.
The crystallization of the core is slowed down due to the
shell crystallization’s exothermic nature, resulting in the
release of additional heat, which increases the temperature
of the liquid inside the particle. As a result, secondary
phases precipitate from the supersaturated solid solution in
the core [14].

Analysis of the element distribution maps shows an
increased Ni content in the light gray areas and Ti and Zr in
the dark gray areas (Fig. 5). Unfortunately, the precipita-
tions of the secondary phase are quite small, and in this
case, the results of X-ray microanalysis are in a significant
error. However, after collecting a sufficient amount of the
measurement data, the following conclusion can be made:
the dark gray component corresponds to the intermetallic
compound with a low nickel content, (TiZr);g ,Ni; the
primary, gray component, corresponds to the equiatomic
compound (TiZr)go_;Ni, and the light gray component is
enriched with nickel and has an approximate stoichiometry
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Fig. 5 Element distribution maps of TiysZr,5NizsCooCu;s powder after plasma spheroidization: a general view; b Ti; ¢ Fe; d Co; e Ni; f Zr;

g Cu

(TiZr)g7_975Ni. The results obtained are confirmed by
XRD analysis (Fig. 6). The XRD pattern indicates the
presence of two compounds with lattices corresponding to
a B2-TiNi austenite and a NiZr,-type intermetallic com-
pound. The B2-TiNi-type austenite phase has the lattice
cell parameter a = 3.015 A which is close to the reference
value (a =2.993 A [21]). The second phase, Ti(Nigs.
Cugs), has a similar crystal structure but contains an
additional substitutional atom. As a result, the lattice cell
parameter increases and is a = 3.041 A. In addition, there
is an insufficient amount of compounds with a crystal
structure corresponding to the B19'-NiTi- martensite, a
NiZr,-type intermetallic compound, and zirconium oxide.

The results of the sample porosity measurements after
PBF-LB are presented in Table 2. From the results, the
dependence of the sample porosity on the VED values has
been established. An increase in the VED negatively
affects the porosity of the resulting product. The samples
obtained at MV1 mode with the lowest VED value have a
porosity of 0.5%. Repeated scanning of each layer
according to MV1 mode leads to an increase in porosity by
25% (up to 0.63%). The use of modes with a higher VED
increases porosity up to 1-1.5%.

The negative effect of high VED is explained by the
formation of large melt pools, which increases the number
of powder particles wetted and drawn into the melt. This
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Fig. 6 Phase composition of the HEA powders after plasma
spheroidization, PBF-LB process and subsequent heat treatment

Table 2 TiysZrysNirsCo;oCuys porosity after PBF-LB

PBF-LB mode Porosity, %
MV 1 0.50
MV 2 1.00
MV 3 1.53
MV 1 double 0.63

leads to distortions in the geometry of the surface layer and
impedes the movement of the powder distributing blade.
Despite the lowest porosity value and the absence of
visible defects after MV1 mode, this mode has been con-
sidered unsuitable for use since the samples are torn off
from the substrate during the building process that can be
caused by increased internal stresses at this mode. Double
scanning at MV 1 double mode leads to some increase in
the porosity; however, its values are rather low and does
not lead to tearing-off of the sample from the substrate.
Thus, the MV1 double mode is determined as the optimal
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PBF-LB mode to obtain compact samples from TipsZr,s.
Niy5Co;gCu;s powder.

Figure 7 shows the microstructure of TiysZrpsNips.
Co;oCu;s samples produced by PBF-LB at different
modes. There are almost no pores in all samples, and the
structure contains three components that differ in contrast.
They are a gray matrix, a dark gray component with cor-
responding to B2-TiNi austenite with the average grain size
of ~ 5 pum, and white Laves phase inclusions, which are
confirmed by the results of XRD showing the presence of
the main B2 phase and Laves phases and lines corre-
sponding to zirconium oxides ZrO and ZrO2 (Fig. 6).

Analysis of the element distribution over a MV 1 double
sample cross-section (Fig. 8) shows that the B2-phase is
almost homogeneous; the dark gray structural components
are enriched with Zr. The differences of the concentrations
in the points in the matrix (gray) and the veins (dark gray
inclusions) are small but sufficient to explain the bifurca-
tion and asymmetry of the B2-phase lines in the XRD
patterns (Fig. 6). In the dark gray component, the con-
centration of Zr (with a larger atomic radius) is higher, and
the concentration of Ti (with a smaller atomic radius) is
lower than in the gray matrix. Therefore, the XRD peaks
obtained from the dark gray inclusions are shifted toward
smaller angles than the peaks obtained from the matrix, and
their intensity is systematically lower than the intensity of
the matrix peaks due to their lower content in the sample.
Hence, it follows that B2-austenite decomposes with the
formation of two solid solutions with well-defined, close to
the average values, lattice periods. The B2 lattice periods
calculated from the singlet coordinates of each doublet for
the same sample are identical within a relatively small
error (3.0577-3.1127 A).

The element distribution maps show the presence of
oxygen consistent with the presence of zirconium oxides
ZrO and ZrO, (Fig. 6). The presence of the oxides can be
explained by the content of undesirable impurities in the
feedstock materials and the absorption of oxygen during
the alloy processing since titanium alloys are sensitive even
to insignificant oxygen concentrations under a low vacuum.

Table 3 shows the average chemical composition after
PBF-LB. According to the data obtained, the chemical
composition almost coincides with the nominal composi-
tion of the powder obtained by MA and subsequent PS.

According to the mechanical test results of the samples
obtained at MV1 double mode, the sample’s ultimate
compressive strength is 640 MPa, the yield point is
600 MPa, the ductility is 1.3%, and the hardness is 637 HV
(Fig. 9). After water quenching, the ultimate compressive
strength increases up to 710 MPa, the plasticity is 1.5%,
and the hardness is 642 HV.
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Fig. 7 SEM-images of TiysZr,5NiysCu;sCoy structure after PBF-LB at modes a MV1; b MV2; ¢ MV3; d MV1 double; e MV1 double and

subsequent heat treatment
4 Discussion

According to the mechanical test results, the samples’
hardness, which is 630 HV and higher, is of the same order
of magnitude as the hardness of this alloy obtained by arc
melting [8]. This value significantly exceeds the hardness
of any of the binary intermetallic compounds consisting of
the HEA composition elements, which is no more than 280
HV. The increase in the hardness is achieved due to the
implementation of the high-entropy alloy concept and by
forming a crystal lattice with a high level of internal dis-
tortions. In addition, in practice, the structure of TiysZr,s.
NiysCoygCuys alloy after PBF-LB contains secondary
Laves C15 phases. A decrease in the Hf content in alloys of
the Ti—Zr-Hf-Ni—Co—Cu system makes the alloys less
prone to forming Laves phases; however, according to [8],
even in Hf-free TiygZroNigzgCosCus alloy, there is about
1.7% of a C15 phase. Moreover, TiysZr,5NisCoioCuys
HEA structure contains particles of zirconium oxides ZrO,,
which, together with Laves phases, lead to precipitation
hardening of the alloy.

In terms of compressive ultimate strength and com-
pressive yield strength, the synthesized samples are

significantly inferior to the samples produced by conven-
tional smelting technologies. In particular, in paper [8]., for
Ti40Zr10Ni40C05C115 and Ti3ozr20Ni30C010C1110 alloys, the
ultimate strength is 1940 and 1935 MPa, and the yield
strength is 1070 and 1630 MPa, respectively.

The structure of the samples obtained at MV1 double
mode contains a significant amount of Laves phase that is
mainly located at the B2 grain boundaries (Fig. 7d) and
leads to brittle fracture of the alloy at low compressive
stress. Another reason for the low values of the yield and
ultimate stresses is the porosity of the sample. Although it
is rather low and indicated as 0.63%, it is sufficient to assist
fracture at lower loads. Heating the samples to 1050 °C,
followed by water quenching, makes it possible to obtain a
more uniform B2 phase composition and partially dissolve
precipitates in the matrix (Figs. 6 and 7e), but this does not
lead to a significant change in the mechanical character-
istics (Fig. 9). This fact can also be explained by the
presence of Zr oxides that is most noticeable after water
quenching (Fig. 6).

However, the ductility of the synthesized alloy, which is
1.3%, is comparable to that of Ti3yZroNizgCo;9Cuy alloy,
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Fig. 8 Element distribution maps of TisZr,sNiysCu;sCoqg sample produced by PBF-LB at MV 1 double mode a investigated area; b Ti; ¢ Zr;

d Ni; e Cu; fCo; g O

Table 3 Chemical compositions of Tiy5Zr,5NiysCo;oCu;s samples produced by PBF-LB, wt.%

Sample Ti Zr Ni Cu Co Fe

MV 1 37.30 16.59 33.99 5.31 5.47 1.34
MV 2 37.26 16.45 34.32 5.00 5.70 1.27
MV 3 36.58 16.05 34.65 5.69 5.64 1.40
MV 1 double 36.96 16.38 34.44 5.36 5.53 1.34

which is 1.8% [8], that indicates good prospects for using

PBF-LB to obtain Ti—Zr-Ni—Co—-Cu HEAs.

@ Springer

5 Conclusion

A fundamental possibility to obtain compact samples by
powder bed fusion using a laser beam from Ti,sZr,5Nips.
Co,9Cu;s HEA powder synthesized by MA followed by PS
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Fig. 9 Compressive stress—strain curves for TisZrsNiysCuysCoqg
sample produced by PBF-LB at MV1 double mode before and after
quenching

is shown. The optimal mode is determined to obtain sam-
ples without visible defects, with a porosity of less than
1%. It has parameters as followed:

Scanning of the sample “body”: laser power — 288 W,
scanning speed 800 mm/s, layer thickness — 60 pm,
number of scanning repetitions — 2, volume energy density
— 120 J/mm3;

Scanning the sample contour: laser power — 350 W,
scanning speed 800 mm/s, layer thickness — 60 pm,
number of scanning repetitions — 3, volume energy density
— 145 J/mm’.

During PBF-LB of the HEA powders, a mixed structure
is formed, consisting of grains of B2-TiNi-austenite (av-
erage size ~ 5 um) with Laves phases and zirconium
oxides.

The hardness of Tiy5Zr,sNiysCo;gCu;s alloy after PBF-
LB is more than 600 HV that significantly exceeds the
values obtained after conventional technologies.

According to the compressive ultimate strength,
640 MPa, and the compressive yield strength, 600 MPa,
the synthesized samples are significantly inferior to those
produced by conventional smelting technologies. However,
the plasticity of 1.3% is comparable to that of the con-
ventional alloys and indicates the prospects of using PBF-
LB to obtain the Ti—Zr—Ni—-Co—Cu HEAs.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12666-
022-02616-3.
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