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Abstract: High-entropy alloys are novel metallic materials distinguished by very special
mechanical and chemical properties that are superior to classical alloys, attracting high
global interest for the study and development thereof for different applications. This work
presents the creation and characterisation of an FeMoTaTiZr high-entropy alloy composed
of chemical constituents with relatively low biotoxicity for human use, suitable for medical
tools such as surgical scissors, blades, or other cutting tools. The alloy microstructure is
dendritic in an as-cast state. The chemical composition of the FeMoTaTiZr alloy micro-zone
revealed that the dendrites especially contain Mo and Ta, while the inter-dendritic matrix
contains a mixture of Ti, Fe, and Zr. The structural characterisation of the alloy, carried out
via X-ray diffraction, shows that the main phases formed in the FeMoTaTiZr matrix are
fcc (Ti7Zr3)0.2 and hcp Ti2Fe after annealing at 900 ◦C for 2 h, followed by water quench-
ing. After a second heat treatment performed at 900 ◦C for 15 h in an argon atmosphere
followed by argon flow quenching, the homogeneity of the alloy was improved, and a
new compound like Fe3.2Mo2.1, Mo0.93Zr0.07, and Zr(MoO4)2 appeared. The microhardness
increased over 6% after this heat treatment, from 694 to 800 HV0.5, but after the second
annealing and quenching, the hardness decreased to 730 HV0.5. Additionally, a Lactate
Dehydrogenase (LDH) cytotoxicity assay was performed. Mesenchymal stem cells prolifer-
ated on the new FeMoTaTiZr alloy to a confluence of 80–90% within 10 days of analysis
in wells where the cells were cultured on and in the presence of the alloy. When using
normal human fibroblasts (NHF), both in wells with cells cultured on metal alloys and in
those without alloys, an increase in LDH activity was observed. Therefore, it can be consid-
ered that certain cytolysis phenomena (cytotoxicity) occurred because of the more intense
proliferation of this cell line due to the overcrowding of the culture surface with cells.

Keywords: high-entropy alloys; chemical composition; microstructure; microhardness

1. Introduction
High-entropy alloys (HEA) are currently widely studied and developed due to their

special mechanical and chemical properties, sometimes highly superior to those of conven-
tional alloys [1–5]. Alloys containing chemical elements with extremely low toxicity have
recently been obtained and tested for use in medical applications [6–8]. A wide variety of
chemical compositions can be designed through combinations of highly corrosion-resistant
and non-toxic elements to obtain concentrated solid solutions or high-entropy alloys from
alloying systems such as W-Nb-Mo-Ta and W-Nb-Mo-Ta-V. Furthermore, another research
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direction is focused on obtaining HEAs with a BCC structure, consisting of combinations
between transitional metallic elements such as Nb-Mo-Ta-W, V-Nb-Mo-Ta-W, Ta-Nb-Hf-Zr-
Ti, Hf-Nb-Ti-Mo-Ta-Ti-Zr, or the equiatomic alloy Hf-Mo-Nb-Ta-Ti-Zr. Such high-entropy
alloys feature high yield strength (σy = 900–1600 MPa) at ambient temperature, as well as
significant compressive strength [9]. Except for vanadium, most of the chemicals used to
make these alloys are biocompatible. These alloys have recently been studied in the medi-
cal field for the manufacture of orthopedic implants (hip, knee, and shoulder prostheses),
tending to replace pure titanium alloys or other alloys like Co-Cr-Mo alloys and stainless
steels [10,11].

The stability of the solid BCC or FCC solutions in HEA alloys can be predicted by
the valence electron concentration (VEC) values [12–14]. This stability is important for
predicting the evolution of mechanical characteristics during successive decontamination
stages at high temperatures. As high-entropy alloys (HEAs) are metallic compounds charac-
terised by significant chemical heterogeneity arising from the combination of elements with
substantial disparities in atomic diameters and diverse mutual solubility, the performance
of heat treatments after alloy preparation was a solution used by most researchers in the
field to achieve homogeneous matrices [15,16].

Chemical elements considered to have low toxic effects were added to the composition
of the new alloy [17–19]. In some studies, Fe is considered a biocompatible element [20],
but for a high concentration of iron in the blood, several unpleasant biochemical effects
can occur, such as damage to DNA, proteins, lipids, or other cellular compounds [21]. In
the long term, exposure to Fe-ions can even cause death. Titanium and zirconium alloys
exhibit the highest biocompatibility of all metals in the body. Also, some alloys like Ti–Ta
and Ti–Zr are used in dentistry due to their high wear resistance [21].

Heat treatments of high-entropy alloys can yield either hardening effects or enhanced
flexibility and toughness, depending on the heating parameters and cooling methods
employed [16,22–24]. Annealing for homogenisation can mitigate or eradicate the segrega-
tion consequences of chemical components that arise during the casting of high-entropy
alloys [25,26]. This results in microstructures closer to equilibrium, either by dissolving the
metastable phases or by the nucleation of the equilibrium phases, the formation of which
was suppressed during rapid cooling. The result of annealing can also be the reduction of
microscopic or macroscopic residual stress levels [21,26].

After solution treatment, the ultimate tensile strength of Ti–8Fe–8Ta–4Zr and Ti–10Fe–
10Ta–4Zr alloys increased by 6% to 10% (1051 and 1092 MPa), this improvement being
larger than those obtained after heat treatments of conventional biomedical titanium alloys
such as Ti–6Al–4V ELI [27].

Regarding matrix hardening, in the case of high-entropy alloys, the main explanation
is based on the precipitation hardening effects and the transition from FCC to the BCC + B2
hard phase. If the hard phase formed in the alloy is brittle, then the maximum strength
reached is lower [28–31]. Even if they are intended for medical applications that do not
involve long-term maintenance with biological tissue, such alloys must also be tested to
highlight their biocompatibility and corrosion resistance [32].

This study presents some aspects regarding the attainment and characterisation of
a new FeMoTaTiZr high-entropy alloy that can be used for non-implantable medical
applications. The objective of this study was to obtain a strong enough alloy that can be
used for medical instruments, such as surgical scissors, blades, or other cutting tools. The
experimental alloy, obtained by melting high-purity raw materials, was microstructurally
characterised to highlight the different types of phases and the distribution of chemical
components inside the dendritic constituents. The measurement of the microhardness
before and after performing of heat treatment showed that the homogenised metal matrix
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strengthens after heat procedures between 3 and 6%, depending on the heating period and
cooling media.

Cytotoxicity tests were performed by determining LDH (Lactate dehydrogenase)
activity in human cells. The results accredited the idea that several bio ceramic coating
layers must be cladded to improve the biocompatibility of the alloy. The pH values
were between 7.6 and 7.7, similar in simple media, media incubated with alloys and
media incubated with alloys and human fibroblasts. In media incubated with alloys and
mesenchymal stem cells, moderately alkaline pHs of 7.8–7.9 were found, which normally
favour the proliferation and osteogenic differentiation of these cells.

2. Materials and Methods
2.1. Material Preparation

The FeMoTaTiZr experimental alloy consisted of chemicals with extremely low bio-
toxicity for the human body, so it could be used for non-implantable medical devices.
The experimental high-entropy alloys were obtained in the MRF ABJ 900 vacuum arc
melting furnace (Allenstown, NH, USA) of the ERAMET-SIM-UPB Laboratory. For the
experimental alloys, there were high-purity (over 99.5 wt.%) raw materials (metal elements),
which were cleaned in an ultrasonic tank, in ethanol solution, before being introduced into
the melting furnace. The metallic materials were weighed and dosed in equiatomic ratios
for the composition of the alloy recipe, each batch weighing about 40 g.

Each micro-ingot was obtained via electric arc melting in an inert argon environment.
For a molar mass of 472 g/mol, the design of chemical composition of the FeMoTaTiZr
equiatomic alloy was as follows (wt.%): Fe = 11.88, Mo = 20.34, Ta = 38.34, Ti = 10.17, and
Zr = 19.27, corresponding to the preliminary analysis of the local chemical composition
performed using an EDAX Z2e sensor provided on the SEM Inspect S-FEI microscope (FEI
Co., Eindhoven, The Netherlands), in wt.%: Fe = 12.46, Mo = 20.05, Ta = 36.25, Ti = 11.27,
and Zr = 19.97. To obtain the melting conditions, the air in the installation was removed by
blowing argon and successive vacuuming until a pressure of 5 × 10−3 mbar was obtained
in the working chamber. The actual melting was performed in an argon environment at a
pressure of 1.2 bar by slowly moving the electric arc along the load between the tungsten
electrode and the metal batch. The melting operations were performed on each side of the
mini-ingots, rotating them 8–10 times by 180◦, to ensure the homogenisation and uniform
distribution of the elements in the alloys.

After the successive melting operations, the batches were cooled under an argon
atmosphere in the wells of the forced water-cooled copper plate. Within the experimen-
tal program, 6 batches were obtained, which were used for heat treatments as well as
mechanical and microstructural characterisation.

The HEA mini ingots were weighed to calculate the efficiency of the production
process used to assess the level of losses by vaporisation, oxidation, or projection in the
form of drops in the electric arc. The small losses that were recorded after weighing the
experimental alloys (between 0.1 and 0.3 g) showed the efficiency and good repeatability of
the melting process. Each sample has dimensions of 9 mm × 15 mm × 60 mm (Figure 1).

2.2. Chemical Composition

Due to their high hardness (over 690 HV0.5), the cast FeMoTaTiZr alloy samples used
for morphological and structural characterisation were cut by spark electro-erosion. In
order not to alter the values of the chemical composition, the samples were not etched
with chemical reagents. The chemical composition of the experimental alloys determined
on the central area of the sample using a SEM microscope (Hitachi TM3030Plus, Hitachi,
Tokyo, Japan) equipped with energy dispersive spectrometry (EDS, Bruker, Germany).
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The phase composition of the coatings was determined through X-ray diffraction (XRD)
utilising CuKα radiation (SmartLab, Rigaku, Houten, The Netherlands) over a range of
20◦ to 80◦ with a step size of 0.02◦/min. The values of the chemical composition were in
good agreement with those calculated, because of the correct preparation, weighing, and
melting procedure.
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2.3. Microstructural Characterisation

Preliminary operations were performed on the samples, embedding them in epoxy
resin, sanding afterwards with abrasive paper (360 to 2500 grain size), and polishing with
alpha alumina abrasive paste (grain size between 0.3 and 0.01 µm) using Struers TegraPol-11
polishing equipment (Copenhagen, Denmark). These metallographic preparation tech-
niques complied with ASTM E3-11 (2017) [33]. The Kroll reactive solution was employed
for etching to analyse the surface of the sample. The OLYMPUS PME 3-ADL microscope
(OlympusCorp., Tokyo, Japan) was subsequently employed for observations.

The morphological and structural characterisation was performed using the Auriga
FESEM-FIB field emission scanning electron microscope (Carl Zeiss SMT, Oberkochen,
Germany), with Gemini column for electron beam. The analysis involved X-ray diffraction
conducted with the D8 Discover diffractometer (Bruker, Ettlingen, Germany). The setup
included primary optics featuring a copper radiation tube (λ = 1.540598 Å) and a Göebel
mirror (Bruker, Ettlingen, Germany), along with secondary optics equipped with a 1D
LynxEye detector (Bruker, Ettlingen, Germany).

2.4. Heat Treatments and Microhardness

The heat treatments were performed using a Nabertherm LT 15/12/P320 furnace
(Bremen, Germany) equipped with an automate regulator to maintain the parameters of the
treatment. The micro-hardness was measured using the Shimadzu HMV 2T automatic tester
(Shimadzu, Kyoto, Japan). In-line measurements were performed, spaced at about 1000 µm,
on the homogenised zones of the ingots, before and after performing the heat treatments.

Based on the literature documentation on the effects of heat treatments performed on
complex alloys with high Fe, Mo, Ta, Ti, and Zr content, it was found that the treatment
temperature applicable to the FeMoTaTiZr multicomponent alloys should be in the range
900–1150 ◦C [29,31]. The chosen temperature for annealing was of 900 ◦C. The complete
heat treatment procedure included the following sequence: annealing at 900 ◦C for 2 h in
a Nabertherm furnace, followed by water quenching. The heating time was 65 min, the
holding time within the maximum temperature range was 90 min, and the cooling time
was 5 s. Finally, additional annealing was applied. The sample was heat-treated for 15 h in
a controlled atmosphere (argon) at a temperature of 900 ◦C, followed by rapid cooling via
argon flow purging.
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2.5. Lactate Dehydrogenase (LDH) Cytotoxicity Assay

The cells used to evaluate the biocompatibility of the alloys were human bone mes-
enchymal stem cells (hBMSCs) isolated in the laboratory of the University of Tg. Mures
(Targu Mures, Romania) and a cell line of normal human fibroblasts (NHF). Culture
medium (cleared by centrifugation before testing) was analysed in duplicate for lactate
dehydrogenase using the Cobas Integra 400 Plus biochemical analyzer (Roche Diagnostics,
Barcelona, Spain). The activity of lactate dehydrogenase (LDH) was assessed using the UV
enzymatic technique, which is frequently employed to evaluate cytotoxicity by detecting
the activity of cytoplasmic enzymes released from compromised cells.

Cells in close contact with the HEA samples were examined using a Leica DMi8 (Leica
Microsistemas SLU, L´Hospitalet de Llobregat, Spain) inverted microscope, employing
filter cubes for FITC and Rhodamine fluorescence, followed by incubation with Calcein AM
and Propidium Iodide. The study was conducted according to the ISO 10993 standard [34].

3. Results and Discussion
3.1. Microstructure

The alloy recipe was developed based on the equimolar participation of the constituent
elements, considering that the elements should have atomic percentages as close as pos-
sible in the metal matrix. Mixing entropy for 5-element alloy over 1.5R, where R is the
molar gas constant, is one of the values used to define the alloy as high-entropy alloy. The
second-generation HEAs mainly refer to a class of HEAs containing more than four main
elements and having a multiphase structure. Also, bulk metallic glasses or intermetallic
compounds can be obtained from high-entropy combinations of elements. The δ-∆Hmix

Criteria and Ω Criteria serve as essential indicators for predicting solid solution forma-
tion [35]. Additionally, the effect of the alloy valence electron concentration is considered
when evaluating the stability of the solid solution. The bond between the components will
become disordered when the concentration of valence electrons fluctuates or surpasses a
particular threshold, which reduces the stability of the solid solution and is beneficial for
the creation of intermetallic compounds. These characteristics provide insight into atomic
interactions, structural stability, and possible mechanical properties of the FeMoTaTiZr
high-entropy alloy. To fully understand the way it functions, thorough experimental data
(e.g., X-ray diffraction and mechanical testing) are frequently necessary.

As stated above, the design of chemical composition of the FeMoTaTiZr alloy in wt.%
is Fe = 11.88; Mo = 20.34; Ta = 38.34; Ti = 10.17; Zr = 19.27, and the corresponding atomic
concentrations are (at%): Fe = 20.06; Mo = 19.99; Ta = 19.98; Ti = 20.04; Zr = 19.92.

Theses atomic percentages will be used in the following calculations.
Mixing entropy ∆Sconf is obtained with the following formula:

∆Scon f = −R
n

∑
i=1

cilnci (1)

where R is the gas constant, and ci is the atomic ratio of the i-th element. Then, the calculated
value is 1.609R, which is greater than 1.5R.

The δ parameter quantifies the atomic size discrepancy among the constituent elements
in a high-entropy alloy. A bigger difference in atomic radii results in a larger δ value, which
might affect the development of solid solutions or the long-term stability of the alloy.

The formula for δ parameter is

δ = 100

√√√√ n

∑
i=1

ci

(
1 − ri

r0

)2
(2)
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where ci and ri are the atomic ratio and atomic radius of the component i, and r0 is the
weighted average of the atomic radii of all elements in the alloy. The atomic size of an
element is affected by the surrounding atoms. The most useful radii for discussing metallic
alloys are probably those for a coordination number of 12. Atomic radii used for the
calculation are [36,37]: 127.4 pm (Fe), 140 pm (Mo), 146.7 pm (Ta), 146.2 pm (Ti), and
160.2 pm (Zr), resulting in the value r0 = 145.89 pm. Then, the calculated delta parameter
value is δ ≈ 7.4%.

The formula for the mixing enthalpy (∆Hmix) is

∆Hmix =
n

∑
i = 1
i ̸= j

cicj4∆HAB
mix (3)

where ci and cj are the atomic ratio of components i and j, respectively; r0 is the weighted
average of the atomic radii of all elements in the alloy; and ∆HAB

mix is the mixing enthalpy
of the binary alloy consisting of the i-th and j-th component in regular solution obtained
through Miedema model. Mixing enthalpy values are shown in Table 1 [38]. Then, the
calculated mixing enthalpy parameter value is ∆Hmix = −11.1 kJ/mol.

Table 1. Values of the mixing enthalpy (kJ/mol) of the binary alloy for FeMoTaTiZr system.

Binary Alloy Mixing Enthalpy (kJ/mol)

Fe-Mo −2.0

Fe-Ta −15.0

Fe-Ti −16.8

Fe-Zr −24.6

Mo-Ta −4.9

Mo-Ti −3.6

Mo-Zr −6.2

Ta-Ti 1.4

Ta-Zr 2.7

Ti-Zr −0.2

It can be found that solid solution phase formation is fixed for an atomic radius
difference under 6.6% and when the mixing enthalpy of the alloy is within a certain
range (−20 < ∆Hmix < 5 kJ/mol). Under these conditions, the solid solution phase of
the multicomponent alloy is easily formed with respect to the amorphous phase and the
intermetallic compound [35]. Following the diagram published by Zhang et al. [39] that
relates δ to the mixing enthalpy of the as-cast multicomponent alloys, it can be seen that for
the atomic radius difference obtained (δ = 7.4%) and the mixing enthalpy of −11.1 kJ/mol,
the alloy is out of the solid solution phase formation range. For this point in the diagram,
intermediate phase formation is expected.

More multicomponent alloy systems have been calculated by other scientists, and the
resulting impact of mixing enthalpy on phase stability was illustrated by Guo et al. [40],
where solid solutions can develop when δ is small (δ < 6.6%) and ∆Hmix is either slightly
positive or negligibly negative (−11.6 < ∆Hmix < 3.2 kJ/mol); the formation of the amor-
phous phase is almost exactly contrary to these requirements when δ is large (δ > 6.4%) and
∆Hmix is noticeably negative (∆Hmix < −12.2 kJ/mol). Then, intermetallic compounds can
develop under intermediate conditions regarding δ and ∆Hmix.
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So, for the FeMoTaTiZr samples, δ-∆Hmix criteria are not fulfilled because of the δ

value being slightly over the limit. Following this analysis line, a single-phase solid solution
may not be obtained, but intermediate phases and intermetallic compounds can.

The Ω Criterion is presented to take into account the influence of the thermodynamic
stability of configurational entropy (∆Smix). It is calculated using the following formula:

Ω =
Tm∆Smix
|∆Hmix|

(4)

where ∆Smix is the configurational entropy, and Tm is the weighted average of the com-
ponents melting point. The mixing enthalpy opposes the formation of a solid solution,
whereas Tm∆Smix is favourable to its formation. Thus, values of Ω > 1 may determine the
formation of solid solution [35].

∆Smix can be obtained with the following formula:

∆Smix = ∆Scon f = −R
n

∑
i=1

ciln ci (5)

where R is the molar gas constant.
A value of Ω = 2.9 is obtained, which creates the possibility of solid solution formation.
For multicomponent high-entropy alloys, the VEC of the alloy is obtained with the

following formula:

VEC =
n

∑
i=1

ciVECi (6)

where (VEC)i and ci are the VEC and the atomic ratio for the i-th element, respectively.
The following (VEC)i values were used [41]: 8 (Fe), 6 (Mo), 5 (Ta), 4 (Ti), and 4 (Zr).

Then, the calculated value of the valence electron concentration for the alloy is 5.40. The sta-
bility of FCC and BCC solid solutions in high-entropy alloys was investigated by Guo et al.
from Hong Kong Polytechnic University in relation to the valence electron concentration
(VEC) [42]. The FCC solid solution phase is thought to be stable when VEC ≥ 8.6, whereas
the BCC solid solution phase is thought to be relatively stable when VEC < 6.87. However,
it cannot be used as a criterion for the formation of a high-entropy alloy phase; rather, it
can only be used to determine which structure of the solid solution in the high-entropy
alloy is easier to form [41].

Figure 2 displays optical images of the sample, before and after annealing at 900 ◦C
for 2 h in furnace atmosphere, showing both a dendritically structure. Figure 2b shows
the oxidation effects located preferentially on the interdendritic area (black mini area)
that were produced by keeping the heated alloy in an unprotected atmosphere. For this
reason, another annealing was performed in a controlled atmosphere (argon) at the same
temperature but with a longer holding period (15 h). This time, cooling was performed
in an argon flow medium (Figure 3). SEM images of samples after annealing at the same
temperature but for different maintanance times are presented in Figure 3a (2 h, in furnace
atmosphere) and Figure 3b (15 h in argon atmosphere).

Analing the SEM images of a cross-section through the ingot (Figure 3), it was ob-
served that the appearance of the dendrites was modified after the second annealing, and
they became rounded. Also, the oxidation effects were reduced, resulting in better alloy
homogeneity. The semi-quantitative composition spectra of the zone integrated with el-
emental mapping for the central zone of the analysed alloy (Figure 3a) are presented in
Figure 4, highlighting the composition of the alloy (wt.%): 26.9% Zr, 25.8% Ta, 17.9% Mo,
15.2% Fe, 13.1% Ti, and 1.1% Si. The distribution map of the elements providing indications
regarding the constituents is shown in Figure 5. The presence of small amounts of oxygen
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and Si (1.1 wt.%) probably comes from grit paper (SiC and Al2O3), being located mainly in
dendrites, along with Mo and Ta. All chemical elements from the alloy are well distributed
in the dendritic metallic matrix.
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Figure 5. Map of the distribution of the elements in the microstructure of the FeMoTaTiZr alloy in the
central region after casting: (a) O; (b) Si; (c) Ti; (d) Fe; (e) Zr; (f) Mo; (g) Ta.

The results yielded by the composition analysis were confirmed by X-ray diffraction
tests. The diffraction patterns were captured with an angular increment of 0.040 at a
scanning rate of 1 s per step. The qualitative analysis utilised the ICDD Release 2014
database. The X-ray diffraction diagram of the FeMoTaTiZr multicomponent alloy is shown
in Figure 6.
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The indications of the diagram in Figure 6 indicate the presence of the following
constituents: bcc MoTa, hcp (Ti7Zr3)0.2, fcc Ti2Fe, and bcc Mo. The MoTa compound
features the clearest indication (maximum peak), located at an angle of 2θ~40◦. The
presence validates the findings derived from mapping associated with the composition of
dendrites in the FeMoTaTiZr high-entropy alloy. The other two constituents, (Ti7Zr3)0.2 at
an angle 2θ = 34◦ and Ti2Fe at an angle 2θ = 41.5◦, progressively separate from the metal
melt at different temperatures, according to the mutual solubility and the electrochemical
affinity of the constituent elements, contributing to the composition of the dendritic matrix.

To homogenise the solid solution, a first heat treatment (annealing followed by quench-
ing) was performed. After the annealing, the homogeneity of the alloy was improved,
the mass proportions of the constituents identified in the alloy being relatively close, but
differences were found in terms of the constituents identified in the alloy in the cast state
and those identified in the heat-treated state (Figure 7).
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Figure 7. X-ray diffraction spectrum of FeMoTaTiZr alloy sample heat-treated in air at 900 ◦C/2 h,
followed by fast cooling in water.

Some constituents, like oxides such as ZrO and Fe3O4, appeared in the solid solution
due to the heat treatment conditions (heating in furnace atmosphere without protection,
followed by cooling in water). Other compounds, such as Fe0.2Mo1.8Zr and (Fe4Ti)0.4, are
also present. The real changes brought to the alloy by heat treatment were obtained by
annealing for 15 h in a controlled atmosphere (argon) at a temperature of 900 ◦C, followed
by rapid cooling by argon flow purging.

In the analysis of the constituents identified (Figure 8), the long-period heat treatment
led to the disappearance of the solid phase (FeMo)Zr and the appearance of new com-
pounds, Fe3.2Mo2.1, Mo0.93Zr0.07, and Zr(MoO4)2. Also, the compounds based on Ti and
Fe were modified, and instead of Ti2Fe and Ti7Zr3, the compounds Ti0.801Fe0.197 and TiZr,
respectively, appear. This is the consequence of maintaining for longer periods of time at
high temperatures, when it is possible to separate some compounds from the initial solid
solution matrix [31]. An additional microstructure study of the samples after a second
annealing was conducted. A SEM image of the annealed area is shown in Figure 9, keep-
ing a clear dendritic structure in which the tendency for dendrites to round is observed.
Semi-quantitative composition spectra of different regions of the SEM image are shown in
Figure 10.
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In the semi-quantitative composition spectra (Figure 10), the dendrites in the annealed
micro-areas are homogeneous from a compositional point of view. The chemical compo-
sition depends on the measurement area. Figure 10a shows the composition inside the
dendrite, whereas Figure 10b–d shows the composition in the interdendritic regions. The
chemical composition of the dendrites (Figure 10a) in the analysed micro area is within
quite narrow limits, as follows (wt.%): Ta: 50.7–53, Mo: 36.8–38.2, Ti: 5.7–6.2, Zr: 2.4–2.6,
and Fe: 1.3–1.7, and the oxygen content is constant, O: 0.9. These values clearly indicate
that the dendrites are preferentially composed of chemical elements such as Ta and Mo,
while in the interdendritic areas, the main elements are Zr, Fe, and Ti. The elements in
the interdendritic region of the alloy had compositions within the following value ranges
(wt.%): Zr: 33.8–37.8, Fe: 20.5–25.6, Ti: 15.1–19.7, Ta: 10.2–17.5, Mo: 5.6–11.9. Also, in this
region, the oxygen content is constant at O: 1.2.
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3.2. Microhardness

The hardness was measured on both cast and heat-treated alloys, and the measure-
ment values are shown in Table 2. The hardness measurements were performed in the
homogenised zones of the ingots, on the cross-sections, using 10 different indentations,
with a test force of 4.903 N and a load time of 10 s. The average hardness of the FeMoTaTiZr
alloy in the cast state was 694 HV0.5, and the heat treatment hardened it to 800 HV0.5. The
hardening level in the case of this alloy is more than 6% higher than the value obtained in
the cast state.

Table 2. Microhardness values for FeMoTaTiZr samples in different thermal processing stages.

Alloy Individual Values Average Value Variation Coefficient

As-cast (without heat treatment)

FeMoTaTiZr 701 696 693 700 679 694 1.28

After annealing at 900 ◦C for 2 h

FeMoTaTiZr 739 784 901 767 811 800 7.75

After annealing at 900 ◦C for 15 h

FeMoTaTiZr 720 725 743 732 735 731 3.1

The considerable differences between the hardness values can be attributed to the
presence of hard phases distributed in different zones of the metallic matrix. After perform-
ing the second annealing at 900 ◦C for 15 h, the microhardness decreased to 731 HV0.5 due
to stress relief effects; the dissolution of the solid phase (FeMo)Zr; and the appearance of
new compounds like Fe3.2Mo2.1, Mo0.93Zr0.07, and Zr(MoO4)2.
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3.3. Lactate Dehydrogenase (LDH) Cytotoxicity Assay

Lactate dehydrogenase (LDH) is an inert cytoplasmic enzyme present in all cells. LDH
is swiftly released into the culture media when the plasma membrane of cultured cells is
compromised during apoptosis, necrosis, and other types of cellular injury. The culture
conditions provided enough cells (5–6 × 106 cells) for characterising cell viability and
proliferation on the metallic substrate. Mesenchymal stem cells harvested from a 75 cm2

tube were counted, checked for viability, and sub-cultured into two 75 cm2 tubes (split
ratio 1:2). The cells used to evaluate the biocompatibility of the alloys were human bone
mesenchymal stem cells isolated in laboratory and a normal human fibroblast (NHF) cell
line, kindly provided by Professor Mark Slevin from the Angiogenesis and Vascular Biology
group at Manchester Metropolitan University.

Cells were stained with a Live/Dead Cell Double Staining Kit (Sigma cat. No. D4511-
1KT-F) containing fluorochromes Propidium Iodide (PI) and Calcein AM. The optimal
concentration established was 5 µL of PI and 10 µL of Calcein AM in 10 mL of phosphate-
buffered saline (PBS) solution. Cytotoxicity was assessed by evaluating the activity of
cytoplasmic enzymes produced from injured hBMSCs (human bone mesenchymal cells)
and NHFs (normal human fibroblast cells). The degree of cell proliferation, viability,
and adhesion of cells upon contact with the experimental alloy was monitored. The
epifluorescence microscopy technique shows that cells have adhered to the alloy surface,
making it necessary to investigate the adhesion and cellular morphology with specific
markers in confocal microscopy. Using the same technique, cellular proliferation was
observed both in the proximity of the alloy and on its surface. Cells in direct contact with
the alloy samples were analysed in the Leica DMi8 inverted microscope using FITC and
Rhodamine fluorescence cubes after incubation with Calcein AM and Propidium Iodide.
The phase contrast image was also acquired on the same microscopic field of view (FOV),
which allows for easy visualisation of the alloy sample in the well. For comparison, the
evolution of the biological material prepared in the well without the presence of the metallic
alloy was analysed after 5 and 10 days (Figure 11).
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Figure 11. Viability, adhesion, and proliferation of mesenchymal stem cells isolated from bone tissue
in control wells, without alloy (fluorescence 100×): (a) after 5 days; (b) after 10 days.

At the same time, wells in which biological solutions were cultivated on discs taken
from metal alloys were also examined after the same maintenance periods (Figure 12).

The phase contrast image was also acquired on the same microscopic field of view
(FOV), which allowed for easy visualisation of the alloy sample in the well (Figure 13).



Metals 2025, 15, 259 14 of 17

Metals 2025, 15, 259 14 of 18 
 

 

(a) (b) 

Figure 11. Viability, adhesion, and proliferation of mesenchymal stem cells isolated from bone tissue 
in control wells, without alloy (fluorescence 100×): (a) after 5 days; (b) after 10 days. 

At the same time, wells in which biological solutions were cultivated on discs taken 
from metal alloys were also examined after the same maintenance periods (Figure 12). 

  
(a) (b) 

Figure 12. Viability, adhesion, and proliferation of mesenchymal stem cells isolated from bone tissue 
in control wells with alloy (fluorescence 100×): (a) after 5 days; (b) after 10 days. 

The phase contrast image was also acquired on the same microscopic field of view 
(FOV), which allowed for easy visualisation of the alloy sample in the well (Figure 13). 

 

Figure 13. Viability, adhesion, and proliferation of human fibroblast cell line upon contact with 
FeMoTaTiZr alloys after 10 days. (a) Fluorescence, 100×; (b) phase contrast in same observation field, 
100×. 

Figure 12. Viability, adhesion, and proliferation of mesenchymal stem cells isolated from bone tissue
in control wells with alloy (fluorescence 100×): (a) after 5 days; (b) after 10 days.

Metals 2025, 15, 259 14 of 18 
 

 

(a) (b) 

Figure 11. Viability, adhesion, and proliferation of mesenchymal stem cells isolated from bone tissue 
in control wells, without alloy (fluorescence 100×): (a) after 5 days; (b) after 10 days. 

At the same time, wells in which biological solutions were cultivated on discs taken 
from metal alloys were also examined after the same maintenance periods (Figure 12). 

  
(a) (b) 

Figure 12. Viability, adhesion, and proliferation of mesenchymal stem cells isolated from bone tissue 
in control wells with alloy (fluorescence 100×): (a) after 5 days; (b) after 10 days. 

The phase contrast image was also acquired on the same microscopic field of view 
(FOV), which allowed for easy visualisation of the alloy sample in the well (Figure 13). 

 

Figure 13. Viability, adhesion, and proliferation of human fibroblast cell line upon contact with 
FeMoTaTiZr alloys after 10 days. (a) Fluorescence, 100×; (b) phase contrast in same observation field, 
100×. 

Figure 13. Viability, adhesion, and proliferation of human fibroblast cell line upon contact with
FeMoTaTiZr alloys after 10 days. (a) Fluorescence, 100×; (b) phase contrast in same observation
field, 100×.

In the images presented in Figures 11–13, it is observed that cellular proliferation from
80 to 90% confluence of the human fibroblast line was obtained both in the vicinity of the
alloy and on its surface. In cytotoxicity tests performed on FeMoTaTiZr alloys, increases in
LDH activity were recorded after 10 days in culture, with values double those in control
wells with NHF and values 3.7 times higher than those in control wells with hBMSC.

The increase in LDH activity occurred both in the wells with cells cultured on alloys
and in the wells with cells cultured without alloys, which means that it was not the
presence of the metal alloy disc that led to certain cytolysis phenomena (cytotoxicity). At
the same time, it was found that the greatest increases in LDH activity were recorded in the
wells in which NHF were cultured. They have a higher proliferation capacity and cause
overcrowding of the cell culture surface, causing the occurrence of apoptosis and necrosis
in cell cultures.

4. Conclusions
The FeMoTaTiZr high-entropy alloy consisted of chemicals with low bio-toxicity for the

human body, which occurs in classic alloys used in the manufacturing of non-implantable
medical devices. The EDS analysis indicated a good agreement between the values of the
chemical compositions proposed and obtained for the experimental alloys.

Values of mixing enthalpy and mixing entropy are in line with the formation of a solid
solution, but the atomic size discrepancy among the constituent elements is slightly out
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of range, which is not favourable for solid solution formation. Multi-phase solid solution
formation is more likely to happen.

The morphological characterisation of the cast FeMoTaTiZr alloys highlighted a pre-
dominantly dendritic structure. The compositional analysis performed using the dispersive
energy probe and the structural characterisation of the alloy, performed using X-ray diffrac-
tion, revealed the dendritic separation of the MoTa-type compounds in the fine dendritic
matrix composed of (Ti7Zr3)0.2 and Ti2Fe-type constituents.

Annealing at 900 ◦C for 2 h performed in a furnace without a protective atmosphere,
followed by quenching in water, promoted a high oxidation effect located preferentially
on the interdendritic area. On the contrary, annealing at 900 ◦C for 15 h performed in an
inert atmosphere (argon) followed by cooling in continuous argon flow created a better
effect of homogenisation of the microstructure; dissolution of some compounds initially
separated from the solid solution, like (FeMo)Zr; stress relief of the matrix; and reduction of
hardness; as well as the appearance of new compounds, such as Fe3.2Mo2.1, Mo0.93Zr0.07,
and Zr(MoO4)2.

Microhardness tests performed on the FeMoTaTiZr alloy, both in the as-cast state
and after combined annealing and quenching heat treatments, revealed changes in the
hardening effects of the metallic matrix.

Thus, annealing at 900 ◦C with a 2 h hold time in a furnace without a controlled atmo-
sphere, followed by quenching in water, resulted in an increase in hardness from 694 HV0.5

to 800 HV0.5, the hardening level being over 6%. Annealing at the same temperature and
a 15 h hold time in an inert atmosphere, followed by cooling in an argon flow, created a
reduction in hardness from 800 to 730 HV0.5.

Following cell proliferation tests and observations made using optical and phase
contrast microscopy, it was established that the FeMoTaTiZr alloy allowed cell adhesion
and multiplication to 80 and 90% confluence after 5 and 10 days of maintenance, respectively.
Cytotoxicity tests showed that there is a slight cytotoxic reaction towards hBMSCs more
sensitive than NHF cells. This phenomenon of cytolysis (cytotoxicity) occurred due to
the more intense proliferation of this cell line because of the overcrowding of the culture
surface with cells. Observations on the proliferation level with an increased intensity of
NHF solutions led to the idea that a lower density per well, of approximately 10–20 × 104,
is necessary.
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