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Abstract: The continuous development of society has increased the demand for critical raw materials
(CRMs) by using them in different industrial applications. Since 2010, the European Commission
has compiled a list of CRMs and potential consumption scenarios with significant economic and
environmental impacts. Various efforts were made to reduce or replace the CRM content used in
the obtaining process of high-performance materials. Complex concentrated alloys (CCAs) are an
innovative solution due to their multitude of attractive characteristics, which make them suitable
to be used in a wide range of industrial applications. In order to demonstrate their efficiency in
use, materials should have improved recyclability, good mechanical or biocompatible properties,
and/or oxidation resistance, according to their destination. In order to predict the formation of solid
solutions in CCAs and provide the optimal compositions, thermodynamic and kinetic simulations
were performed. The selected compositions were formed in an induction furnace and then structurally
characterized with different techniques. The empirical results indicate that the obtained CCAs are
suitable to be used in advanced applications, providing original contributions, both in terms of
scientific and technological fields, which can open new perspectives for the selection, design, and
development of new materials with reduced CRM contents.

Keywords: complex concentrated alloys (CCAs); simulation; critical raw materials (CRMs); elabora-
tion; properties

1. Introduction

Metallic materials have extended their application spectrum with protometallurgy,
when meteorite iron was used for the manufacturing of weapons, household items, or tools.
Later, human communities learned to exploit and process the underground ores and people
were able to see the benefits that these activities bring. To simplify the quotidian activities
and increase productivity, people began to alloy the subterranean materials discovered and
developed metallurgy—an important contribution for humankind [1,2].

Precious metal alloys have had great importance in medical applications, with gold
being used in dental applications for over 2000 years. However, for reasons of ancient
religious dogmas, the medical applications were slowed down until 1500 A.D. Despite all
these impediments, in 659 B.C., a metallic material with applicability in dental medicine
was developed, containing 100 parts of mercury, 45 parts of silver, and 900 parts of tin [3].

Up to the present, the most used metallic materials for the manufacturing of medical
implants are Co–Cr–Mo and Ti alloys. They have superior mechanical and biocompatible
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properties, so they can be used for the replacement of artificial joints (hip, knee, and
shoulder prostheses). Although they have good biocompatible characteristics, titanium
alloys (e.g., Ti6Al4V) cannot be used as contact surfaces between two materials due to
the low wear resistance, which is associated with low shear strength and repassivation
behavior of the oxide layer from the surface [4]. Alloys from the Co–Cr–Mo system (e.g.,
Co28Cr6Mo) have higher wear resistance and can be used as contact surfaces for joint
prostheses, but there are identified situations where the implant has been rejected by the
human body [5]. It has been observed that the level of chromium and cobalt metal ion
increases in the blood of patients with implants from the analyzed alloys’ systems. In vivo
and in vitro tests were also performed to demonstrate the risk of cytotoxicity, DNA damage,
hypersensitivity reactions to metal and pseudo-tumors [6]. The materials currently used
in the manufacturing of implants have many disadvantages, so the development of new
materials that are resistant to wear and prolong the life of implants remains a topical
challenge [7].

Civilizational progress has led to the development of new materials with improved
properties, based on exhaustible mineral resources. This has favored an irrational consump-
tion of the existing natural resources, which can compromise the ability of future genera-
tions to meet their needs [8]. To prevent this and to promote the sustainable development-
exploiting tendency of mining resources, the European Union has compiled a report
containing the global situation of critical metals and materials [9]. This class of materials is
widely used in high-tech products, and industrialized societies are dependent on them [10].
This study included the potential consumption scenarios and the necessity to move to a
climate-neutral economy through the development of new technologies that decrease the
critical material demand and the industrial ecological footprint. Table 1 presents the critical
raw materials list, which was first published in 2020.

Table 1. Critical raw materials list [9].

Critical Raw Materials in 2020

Antimony Fluorspar Magnesium Scandium Titanium
Baryte Gallium Natural graphite Silicon Strontium

Beryllium Germanium Natural rubber Tantalum
Bismuth Hafnium Niobium Tungsten
Borate Heavy rare earth elements Platinum group metals Vanadium
Cobalt Light rare earth elements Phosphate rock Bauxite

Coking Coal Indium Phosphorus Lithium

To reduce or totally replace the critical metals from the composition of advanced
materials some changes have been made, but challenges arise when the performances of the
obtained product depended on them. For example, silicon is necessary for semiconductors,
titanium is a key element in biocompatible materials, and magnesium provides strength
and corrosion resistance in light alloys [9].

To decrease the high demand for critical materials, various strategies have been
developed to modify the established technologies or to design new materials with similar
properties but with a lower content of CRMs [10].

Commonly, metallic alloys are based on the existence of a major element that influ-
ences the properties of the material with the addition of alloying elements, which improve
the final structure of the metallic material [11]. Complex concentrated alloys (CCAs) [12]
are a new family of materials that have a distinct design strategy, due to their multitude of
attractive characteristics, such as high hardness, good wear resistance, fatigue resistance,
superior thermal properties, low elasticity modulus values, and/or increased oxidation
and corrosion resistance [13]. Complex concentrated complex alloys are extending the
boundaries of high entropy alloys by accepting a smaller number of alloying elements,
which can influence the formation of mixed structures based on solid solutions and in-
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termetallic phases. CCAs have a higher configurational entropy value, have no single,
dominant element, and can form structures based on disordered solid solutions [14,15].

The multi-principle nature of complex concentrated alloys and the unique structures
they produce have a significant effect on reducing the critical raw material contents in
biomaterials with specific properties [16]. The structural particularities of CCAs increase
the recyclability rate, which is relevant for the current societal concerns regarding environ-
mental protection and the need to reduce the industrial ecological footprint [17].

To better predict the structure and to develop the most appropriate compositions of
CCAs, thermodynamic and kinetic criteria were calculated. In order to have a more complex
selection process for CCA compositions, the CALPHAD modeling method was used, as
well as for thermodynamic evaluations and empirical data [18]. The kinetic modules
included in the simulation program were based on the solid-state phase transformations,
especially considering the accuracy of the calculations performed and their applicability to
multicomponent systems [19–21].

The focus of this work was on developing new complex concentrated alloys with
advanced properties, such as increased oxidation resistance, low density, good surface
and mechanical properties, and/or biocompatibility [22]. The constituent elements of
the alloy system are already used in conventional alloys, but the main purpose was to
reduce or totally replace, where it is possible, the critical raw material contents from CCA
compositions, without having a negative influence on the material properties. Another
important aspect was to design an inexpensive alloy that can be obtained using common
manufacturing processes.

2. Materials and Methods

To obtain the required mechanical and physical characteristics, it was very important
to identify an appropriate composition of the complex concentrated alloys. The constitutive
elements have a strong influence on CCA properties, but it is important to meet the
needs of the present society by reducing the content of the used critical raw materials.
To reduce the alloy density, there can be used chemical elements such as Ti, Al, Mg, or
Si. Good anti-corrosive and mechanical properties or improved tensile strength can be
obtained by adding Ti and Nb; mixing them with Zr, the alloys were able to form ternary
solid solutions and had improved thermal properties and superplasticity. Mn presence
favored the formation of solid solutions structures and Fe improved wear resistance and
machinability. Therefore, by introducing inexpensive elements to the alloy, the final cost of
the alloy was reduced, which has a favorable economic impact.

The most suitable CCA compositions were selected using semi-empirical criteria [23],
which were defined by the following equations:

a. Using Boltzmann’s equations, the mixing entropy was determined:

∆Smix = −R·∑ ci·lnci, (1)

where R is the gas’s constant (8.314 J/molK); ci is the molar fraction of the element i.
b. The enthalpy of mixing (∆Hmix) was calculated using the Miedema macroscopic

model [24]:
∆Hmix = ∑ 4cicj·∆Hij, (2)

where ∆Hij is the binary enthalpy of the alloy; i and j are the elements introduced to
the mix.

c. The atomic size difference (δ) was calculated using Equation (3) [15]

δ = 100·
√

∑ ci·
(

1− ri

r

)2
, (3)

where ri is the atomic radius of element i; r is the average atomic radius.
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d. The derived parameter Ω, which is influenced by the mixing entropy and the mixing
enthalpy [25], was calculated using the following equation:

Ω = Tm∆Smix/|∆Hmix| , (4)

where Tm is the melting temperature calculated with Tm = ∑ ci × Tmi, where Tmi is
the melting temperature of element i.

e. The Allen electronegativity difference (∆χ) was calculated using Equation (5) [26]:

∆χAllen= 100·

√
∑ ci·

(
1− χi

χ

)2
, (5)

where χi is the electronegativity after Pauling for element i; χ is the electronegativity
average.

f. The valence electron concentration (VEC) was calculated (Equation (6)) to determine
the type of solid solution that is found in the alloy [27]:

VEC = ∑ ci·VECi, (6)

where VECi is the valence electron concentration of element i.
g. The geometrical parameter (Λ) depends on the mixing entropy (∆Smix) and the

atomic size difference (δ) of the mixture [28], expressed as follows:

Λ = ∆Smix/δ2, (7)

The thermodynamics and kinetics of the systems were simulated with the MatCalc
Pro edition software, version 6.02. The thermodynamic modeling was based on the CAL-
PHAD method (CALculation of PHAse Diagrams) analysis and the kinetic modules were
developed based on solid-state phase transformations, taking into account the applicability
of these models for multicomponent systems.

The selected alloys were prepared by mixing the technically pure raw materials of
Fe, Ta, Nb, Ti, Zr, and Mn to obtain a charge of 350 g for each alloy composition. The
alloys were placed in an alumina–zirconia crucible and melted in an induction furnace—
Linn MFG, 300 type—under an inert atmosphere. The heating rate was related to the
induction coupling capacity and the power applied. In this case, a 20% coupling at 22 kW
of power and a 14 kHz frequency allowed for a heating rate of 75 ◦C/min. The alloy melt
was cast inside the furnace in a cylindrical copper mold and then cooled in the furnace
under vacuum.

To obtain more homogeneity in the alloy, certain alloys were remelted in the same
working conditions and the obtained samples were characterized by structural, physical,
and chemical analyses.

The resulting alloys were chemically analyzed by inductively coupled plasma spec-
trometry (ICP-OES) using an Agilent 725 spectrometer (Agilent, Santa Clara, CA, USA) to
determine the percentage of chemical elements. Optical microscopy was accomplished
using a Zeiss Axio Scope A1m Imager microscope (Zeiss, Jena, Germany), with bright field,
dark field, DIC, and polarization characteristics, and high-contrast ECEpiplan 109/509/1009
lenses. SEM-EDAX characterization was performed with a high-resolution scanning elec-
tron microscope, FEI Quanta 3D FEG (FEI Europe B.V., Eindhoven, Netherlands), which
was equipped with an X-ray spectrometer (EDS). The configuration of the phases was
inspected using an X-ray diffractometer, type BRUKER D8 ADVANCE (Bruker Corpo-
ration, Billerica, MA, USA), which had a DIFFRACplus XRD Commender (Bruker AXS)
software, as well as the Bragg–Brentano diffraction method, Θ—Θ, coupled in a vertical
configuration with the following parameters: CuKα radiation, 2Θ region of 20–124, 2Θ step
of 0.020, time of 8.7 s/step, rotation speed of 15 rot/min. Using the reference intensity ratio
(RIR) method, a semi-quantitative evaluation of the identified phase concentrations was
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performed. The method was based upon scaling all the diffraction data to the diffraction
levels of the standard reference materials. The results offer a qualitative indication of phase
proportion in the alloy.

The Vickers microhardness of the alloys were determined at 25 ◦C using a micro-
indenter attachment (Anton Paar MHT10, Anton Paar GmbH, Graz, Austria), which had
an applied load of 2 N and a slope of 0.6 N/s.

3. Results
3.1. CCAs Structure Design Depending on Concentration

The redistribution of the solid solutions during the solidification process was studied
by means of the MatCalc simulation program. The analysis tools obtained the equilibrium
and Scheill–Gulliver diagrams, which provided information regarding the slow diffusion
effect and the theoretical estimation of the solidification temperature.

The thermodynamic and kinetic criteria were calculated for the FeTaNbTiZr and
FeMnNbTiZr alloy systems, in which the concentrations of each element were varied, to
identify the most appropriate compositions for potential biocompatible applications.

Figure 1 presents the calculated phase distribution for the FeTaNbTiZr alloy system,
which was dependent on the content of each constituent element. The step calculation sim-
ulation was performed by increasing the selected element concentration while maintaining
proportional values for the rest of the elements.

Figure 1. Cont.
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Figure 1. The proportions of phases that can be found in the FeTaNbTiZr alloy system at 200 ◦C, depending on the variation
of (a) Zr; (b) Nb; (c) Ti; (d) Fe; (e) Ta.

It can be observed that the proportion of the BCC–A2 solid solution increased with the
content of Zr, but the Laves intermetallic phase content decreased. At a percentage of 20%,
Zr appeared to be A3 hexagonal, which is a brittle phase and specific to zirconium. Brittle
phases are usually avoided in biocompatible alloys, so up to 20% of Zr is recommended
to be used for alloy selection. The increase in the Nb content in the alloy had a similar
result to Zr; with a proportion higher than 20%, and HCP–A3 phase starts to form. Up
to 15% Nb, a significant proportion of the HCP–A3 phase can be observed, which was
suppressed between 15 and 20% Nb. This concentration interval is recommended to be
used for the intended application. Similar to Zr and Nb, Ti is important for stabilizing the
BCC–A2 phase, up to 10%. When the titanium content exceeded 10%, the HCP–A3 phase
started to form in the alloy structure. In Figure 1d, it can be observed that the presence of
iron influenced the formation of phase structure by the inhibition of the BCC phase and
the increase in the brittle HCP–A3 and Laves phases. Unlike the other elements, Ta had
a constant influence on the formation of the BCC-A2 solid solution phase, up to a high
concentration value of 50% (Figure 1e). The formation of the hardening HCP–A3 phase
started at 40% Ta, which was a higher value compared to other elements. It was calculated
the influence of brittle phases. As previously mentioned, the HCP–A3 phase was not
desired in our configuration, and it was preferable, in this case, to have two-phase instead
of three-phase structures. As a result, it was established that the optimal concentration
interval for Ta was 30–40%.

For the second alloy system, FeMnNbTiZr, the influence of the alloying elements
on the evolution of the constituent phases was analyzed (Figure 2). It can be observed
that with an increase in the Ti percentage, there was a significant increase in the BCC–A2
solid solution phase and a decrease in the HCP–A3 hexagonal phase (Figure 2a). The
Laves intermetallic phases had a maximum area of 0.4 M in the concentration interval of
8–15%Ti. A high percentage of 25–30%Ti is recommended for obtaining predominantly
solid solutions in the alloy. The presence of Zr in the alloy at a percentage of up to 26%
determined a decrease in the solid solution distribution and an increase in the content of
Laves intermetallic phases (Figure 2b). A high concentration of Zr in CCA determined
a decrease in the intermetallic compounds and an increase in the BCC–A2 and HCP–A3
solid solutions. When the Zr content was increased by more than 26%, the C14 Laves phase
was reduced to a minimum. Nb has a high BCC–A2 phase stabilization capacity, higher
than Zr and Ti, so at values over 27%, it can form exclusively solid solutions in the alloy
(Figure 2c). In Figure 2d, it can be observed that the influence of Mn in the alloy system
is significant. Up to 15% of Mn in the alloy formed a complex structure composed of the
majority of the phases met in the system. At higher percentages, there was an accentuated
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stabilization of the main BCC–A2 phase, reaching a structure based mostly on the BCC–A2
solid solution at 32%. Similar to the FeTaNbTiZr alloy system, the influence of iron on the
phase evolution in the FeMnNbTiZr system was significant, as it considerably decreased
the BCC phase. An interval of up to 10 wt.% is recommended (Figure 2e).

Figure 2. The proportions of phases that can be found in the FeMnNbTiZr alloy system at 200 ◦C, depending on the
variations of (a) Ti; (b) Zr; (c) Nb; (d) Mn; (e) Fe.

3.2. Kinetic and Thermodynamic Criteria Calculation

To design the optimal composition of complex concentrated alloys with reduced
contents of critical raw materials and potential biocompatible properties, for both selected
alloy systems (FeTaNbTiZr and FeMnNbTiZr), calculations of the thermodynamic criteria
were performed, varying the proportions of each element. The influence of each constituent
element proportion on the calculated parameters is shown in Figures 3 and 4. The areas
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between the dotted lines represent the boundary intervals between which solid solutions
can be formed, depending on the conditions of each parameter.

Figure 3. Graphical representation of the variations between (a) density, ρ, and the configurational entropy, ∆Smix; (b) the
atomic radius difference, δ, and the derived parameter, Ω; (c) density, ρ, and the atomic radius difference, δ; (d,e) the ratio
between the enthalpy of intermetallic compounds (∆Him) and the mixing enthalpy (∆Hmix) with the k1cr factor for the
FeTaNbTiZr alloy system.
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Figure 4. Graphical representation of the variations between (a) density, ρ, and the configurational entropy, ∆Smix; (b) the
atomic radius difference, δ, and the derived parameter, Ω; (c) density, ρ, and the atomic radius difference, δ; (d) Allen
electronegativity, χAllen, and the derived parameter, Ω; (e) the ratio between the enthalpy of intermetallic compounds
(∆Him) and the mixing enthalpy (∆Hmix) with the k1cr factor for the FeMnNbTiZr alloy system.

Figure 3a presents the ratio between the density of the alloy and the configurational
entropy. It can be observed how the content of Ti, Zr, and Ta positively influenced the
formation of solid solutions, while the increase in the content of Fe and Nb removed
the alloy from the area considered optimal for the formation of solid solutions. Ana-
lyzing the variations of the derived parameter, Ω, with the atomic radius difference, δ
(Figure 3b), it can be observed that an increase in the content of Ta, Nb, and Ti and a
decrease in the content of Fe and Zr positively influenced the formation of solid solutions.
Figure 3c illustrates the variations of the atomic radius difference, δ, with the density, ρ.
Analyzing the trend of the chemical elements in the FeTaNbTiZr alloy system, it can be
observed that increasing the content of Ta, Ti, and Nb, and decreasing the Fe and Zr content,
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positively influenced the formation of solid solution structures. Figure 3d presents the
variations of the derived parameter Ω with Allen electronegativity, where it can be noticed
that the elements Ti and Zr had a direct influence on the formation of solid solutions. On
the other hand, maintaining low values of Fe and Ta had a positive influence, due to the
positive characteristics they offered to the alloy; however, an increase in the concentrations
of these elements can negatively influence the formation of solid solutions. Figure 3e shows
the variations of the ratio between the enthalpy of the intermetallic compounds and the
mixture enthalpy, considering the k1cr factor, where it can be estimated that an increase in
the Ti and Ta contents had a positive influence on solid solutions formation, while Zr, Fe,
and Nb are not good solid solution formers.

Figure 4a shows the ratio between the alloy density and mixing entropy, where Ti, Zr,
Mn, Fe, and Nb have a positive influence on the formation of solid solutions. Analyzing
the variation of the derived parameter, Ω, with atomic radius difference, δ (Figure 4b), it
can be observed that an increase in Mn, Nb, and Ti and a decrease in Zr and Fe stimulates
the formation of solid solutions. The variations of the atomic radius difference, δ, with
the density, ρ (Figure 4c), provide information regarding the elements that are good solid
solution formers, such as Mn, Ti, and Nb. Regarding the diagram (Figure 4d), where the
influence of the Allen electronegativity on the derived parameter is presented, Ω, it can be
noted that Ti, Mn, and Nb were good solid solution formers. Moreover, the fluctuation of
the ratio between the enthalpy of intermetallic compounds (∆Him) and the mixing enthalpy
(∆Hmix) with the k1cr factor provides information regarding the elements such as Ti, Mn,
and Nb that are desirable for the composition of complex concentrated alloys.

3.3. CCA Selection Using the CALPHAD Method and Kinetic and Thermodynamic Criteria

With the analysis of the CALPHAD modeling results for the FeTaNbTiZr alloy system,
it was observed that a structure that was preponderantly based on solid solutions was
obtained at high percentages of Ta [29], Nb, and Zr. Otherwise, the Ti had to be kept at
relatively low percentages. By replacing the Ta with Mn in the FeMnNbTiZr alloy system,
the most important influence on the formation of a structure composed of solid solutions
was Zr [30].

The criteria calculation results provided information regarding the alloys’ structures,
which were influenced by the proportion of constituent elements, which can have a positive
or negative influence on the formation of solid solutions. For the FeTaNbTiZr alloy system,
the Ta and Nb had a favorable influence on the evolution of the Ω and δ parameters,
while the Ti reduced the value of density and improved the k1cr critical factor. However,
according to the European Commission list (Table 1), titanium is considered a critical metal,
which implies that a sustainable alloy design has low Ti content, in terms of the FeTaNbTiZr
alloy system. Although Ta increased the density of the alloy, it contributed substantially
to the improvement of the selection criteria. Because Ta is also included in the critical
raw material list (Table 1), a substitution with Mn was suggested, due to the similar solid
solution formation behavior that both metals develop in combination with other elements,
thus obtaining a new alloy system, FeMnNbTiZr.

The modeling results show a good capability of the selected systems to form structures
based majorly on solid solution phases. It has been shown before that high percentages
of Ta, Ti, Nb, Zr, and Mn favor the formation of BCC-type solid solution structures, while
Fe has a negative influence on the formation of hard HCP–A3 and Laves phases. The
results of the criteria simulations also show that Zr and Ta could have a negative impact
on the final structure, as opposed to the CALPHADS modeling results. Suggestions made
by the CALPHAD and criteria optimization were taken into account in the selection of
the alloy compositions. However, considering the high cost of some elements (e.g., Ta
and Nb) and their scarcity, the selection of the appropriate composition changed con-
siderably. In this case, it was preferable to have higher contents of Fe and Mn, as well
as lower contents of Ta, Nb, and Ti, which are considered critical metals. However, the
simulation results show a favorable influence of the critical elements on the formation of
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solid solution structures. A compromise composition was selected in order to meet all the
proposed requirements, after several preliminary trials. Thus, three new CCAs with low
contents of critical raw materials and inexpensive obtaining processes were developed—
FeTa0.5Nb0.5TiZr0.5, FeTa0.5Nb0.5Ti1.5Zr0.5, and FeMnNb0.5TiZr0.5. The Ti presence was still
significant, even though it is an unwanted critical element, so a comparison was done with
a lower Ti content for the second alloy.

The thermodynamic and kinetic criteria, calculated for the selected complex concen-
trated alloys, are presented in Table 2.

Table 2. Thermodynamic and kinetic criteria for the formation of optimal CCAs.

Alloy ∆Smix,
J/mol•K

∆Hmix,
kJ/mol δ, % VEC, % ∆χAllen,

%
Tm Ω ∆Him k1cr

ρ,
g/cm3

FeTa0.5Nb0.5Ti1.5Zr0.5 12.42 −15.56 8.02 5.25 12.78 2201.78 1.76 −15.56 1.31 7.61
FeTa0.5Nb0.5TiZr0.5 12.89 −16.41 8.52 5.43 13.28 2239.01 1.76 −16.41 1.31 8.06
FeMnNb0.5TiZr0.5 12.97 −15.38 8.23 5.88 12.92 1927.40 1.63 −15.38 1.33 6.65

Equilibrium and Scheil–Gulliver diagrams were calculated for the selected CCA com-
positions to determine the phase proportions identified in the alloy in specific solidification
conditions. In the FeTaNbTiZr alloy system, it can be observed that the complex concen-
trated alloy with a high Ti content had a higher content of Laves intermetallic phases
at room temperature (Figure 5). However, titanium made a considerable contribution
to increasing the biocompatible properties of the alloy, so it was absolutely necessary to
include it in the final composition. The Scheil–Gulliver diagrams (Figure 6) indicate high
stability of the BCC–A2 phase, which was formed first during the solidification process.
Thus, the Laves intermetallic phases mostly formed in the interdendritic area of the alloy.

Figure 5. Equilibrium diagrams for the (a) FeTa0.5Nb0.5TiZr0.5 and (b) FeTa0.5Nb0.5Ti1.5Zr0.5 alloys.

The equilibrium diagram of the FeMnNb0.5TiZr0.5 (Figure 7) indicates the high stability
of the solid solution, based on a BCC–A2 structure. At low temperatures, the Laves
intermetallic phases had high contents, which determined a complex multiphase structure
with low percentages of the HCP–A3 and Beta–Mn phases.
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Figure 6. Scheill–Gulliver diagrams for the (a) FeTa0.5Nb0.5TiZr0.5 and (b) FeTa0.5Nb0.5Ti1.5Zr0.5 alloys.

Figure 7. Equilibrium diagram of the FeMnNb0.5TiZr0.5 alloy.

The Scheill–Gulliver solidification curve (Figure 8) indicates a high degree of subcool-
ing. The model of the solidification process of the alloy and considering Zr diffusion and
its impact on changing the structure in the solidification area, a decrease in the subcooling
degree can be observed.

Figure 8. Scheil–Gulliver cooling diagram with Zr diffusion for the FeMnNb0.5TiZr0.5 alloy.

With the analysis of the equilibrium diagram, it can be observed that the high stability
of the BCC–A2 phase determined a primary solidification at a temperature of 1420 ◦C,
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according to the Scheil–Gulliver solidification diagram (Figure 9). The process was followed
by the formation of the Laves intermetallic phase at a temperature difference lower than
200 ◦C.

Figure 9. Scheill–Gulliver diagrams for FeMnNb0.5TiZr0.5.

3.4. Empirical Results

The alloys were examined in the as-cast state using chemical analysis, scanning
electron microscopy (SEM), and X-ray diffraction (XRD).

The chemical and physical analysis results are presented in Table 3. The resulting
alloy composition was found to be within 3% of the limits of the nominal values for the
used elements [31].

Table 3. The chemical composition and density of alloys.

Alloy Composition
Tip

wt.% Density
g/cm3

Ti Fe Mn Nb Ta Zr

FeTa0.5Nb0.5Ti1.5Zr0.5
Analyses 24.17 19.15 15.55 27.56 13.57 7.61
Nominal 23.14 18.02 - 14.97 29.17 14.7

FeMnNb0.5TiZr0.5
Analyses 17.89 21.73 22.36 22.04 15.97 6.65
Nominal 19.09 22.28 21.92 18.53 - 18.18

FeTa0.5Nb0.5TiZr0.5
Analyses 18.83 21.21 15.27 29.74 14.95 8.06
Nominal 16.73 19.51 - 16.22 31.62 15.92

FeTa0.5Nb0.5Ti1.5Zr0.5
remelted

Analyses 19.2 18.42 - 15.8 25 12.4 7.61
Nominal 22.16 20.28 16.39 27.52 13.65 7.61

The SEM analyses of the as-cast and remelted FeTa0.5Nb0.5Ti1.5Zr0.5 alloy showed
different types of dendritic structures with variable phase compositions from the center
to the borders (Figure 10a,b). The remelted alloy presented larger and branched den-
drites compared to the as-cast sample, which presented small and well-dispersed dendrite
fragments. Six separate phases were distinguished in both structures. According to the
EDS analysis, the dendrite area (DR) contained more Nb, Ti, and Ta (Figure 10) in the
melted (Table 4) and re-melted (Table 5) FeTa0.5Nb0.5Ti1.5Zr0.5 alloys. The interdendritic
area contained two phases–the phase corresponding to ID1 contained Ti, Fe, Zr, and small
quantities of Ta and Nb. The phase corresponding to ID2 contained Ti, Nb, Fe, and small
quantities of Ta and Zr. Additionally, in the interdendritic area, the presence of a eutectic
with fine lamellar morphology in an as-cast sample and with fine punctiform distribution
in the remelted state (ID3) was observed, which, according to the EDS analysis on the
component corresponding to the ID3 point, contained high percentages of Ti, Fe, Zr, and
less Ta and Nb. In the case of the component corresponding to ID4, a predominant Ti and
Fe composition was distinguished; the rest of the elements were at lower values but still
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significant. A small phase that was identified in the interdendritic area is indicated by ID5,
with different composition gradients for the two samples. The as-cast sample showed a
predominant Ti and Fe composition, and the re-melted sample showed a predominant Ti,
Nb, and Ta composition.

Figure 10. SEM-EDS image of the FeTa0.5Nb0.5Ti1.5Zr0.5 alloy in as-cast (a) and re-melted (b) states.

Table 4. Phase compositions for the as-cast FeTa0.5Nb0.5Ti1.5Zr0.5 alloy.

Phase
Composition, wt.%

Zr Nb Ti Ta Fe

DR 4.17 30.30 43.39 14.38 7.76
ID1 14.16 4.01 45.47 2.35 34.01
ID2 6.88 15.23 51.36 5.53 20.99
ID3 11.98 7.18 45.62 3.74 31.48
ID4 9.76 14.75 41.87 9.03 24.59
ID5 11.59 9.03 41.48 5.66 32.24

Table 5. EDS compositions for the remelted FeTa0.5Nb0.5Ti1.5Zr0.5 alloy, in wt.%.

Phase
Composition, wt.%

Zr Nb Ti Ta Fe

DR 0.00 32.84 31.57 29.00 6.58
ID1 14.70 0.00 46.94 2.36 36.00
ID2 13.64 6.06 37.13 5.11 38.06
ID3 13.52 6.00 37.83 5.16 37.49
ID4 11.70 8.03 36.61 8.06 35.61
ID5 4.38 24.93 45.90 16.78 8.01

The EDS results (Figures 11 and 12) show large differences in terms of dendrite
size and element distribution. The as-cast alloy presented a homogenous structure with
uniform element distributions, besides small size segregations for Zr. The re-melted sample
presented well-defined dendrites with a high concentration of Ta, and less Nb and Ti. The
interdendritic area was characterized by a major presence of Fe and Zr.
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Figure 11. EDS mapping of the FeTa0.5Nb0.5Ti1.5Zr0.5 alloy.

Figure 12. EDS mapping of the remelted FeTa0.5Nb0.5Ti1.5Zr0.5 alloy.

The XRD phase analysis for the melted (Figure 13) and remelted (Figure 14) FeTa0.5Nb0.5
Ti1.5Zr0.5 alloys revealed similar structure configurations, showing three different BCC–A2
type phases, a Laves phase, a complex cubic phase, and a hexagonal compact phase. Phase
proportion calculations revealed high contents of Laves–C14 and BCC–β1–A2 phases,
which changed between the two samples from 40 wt.% and 20 wt.% to 32 wt.% and 31 wt%,
respectively. The other phases, BCC—β2–A2 (14 wt.%), HCP–A3 (13 wt.%), complex cubic–
D8a (8 wt.%), and BCC–A2 (5 wt.%) had minor proportions. The high number of phases
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suggests a less stable structure that needs special heat treatment processing to reach the
equilibrium configurations.

Figure 13. X-ray diffraction pattern for the FeTa0.5Nb0.5Ti1.5Zr0.5 alloy.

Figure 14. X-ray diffraction pattern for the remelted FeTa0.5Nb0.5Ti1.5Zr0.5 alloy.

The SEM analyses of the FeTa0.5Nb0.5TiZr0.5 alloy revealed a dendritic structure
(Figure 15) with larger branches than for the FeTa0.5Nb0.5Ti1.5Zr0.5 alloy. According to
the EDS analysis (Table 6 and Figure 16), the dendritic area (DR) contained mostly Ta,
followed by Nb and smaller quantities of Ti and Fe. The interdendritic area (ID2) contained
Ta, Fe, Ti, and smaller quantities of Zr and Nb. A smaller phase was distinguished in
the interdendritic area, with a major proportion of Ti and less Ta, Nb, Fe, and Zr (ID3).
Additionally, in the interdendritic area, the presence of another phase that contained mostly
Ti, Fe, Zr, and smaller quantities of Ta and Nb (ID1) was observed.

Table 6. EDS composition for the FeTa0.5Nb0.5TiZr0.5 alloy, in wt.%.

Phase
Composition, wt.%

Zr Nb Ti Ta Fe

DR - 28.95 21.93 41.02 8.11
ID1 17.26 4.05 40.96 6.31 31.42
ID2 10.35 7.18 27.13 14.73 40.61
ID3 4.84 13.16 60.68 8.83 12.49
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Figure 15. SEM-EDS images for the as-cast FeTa0.5Nb0.5TiZr0.5 alloy sample with the selected points
for EDS analysis.

Figure 16. EDS mapping of FeTa0.5Nb0.5TiZr0.5 alloy.

Compared to the alloy with a higher Ti concentration, the FeTa0.5Nb0.5TiZr0.5 alloy
showed a reduced phase composition in the XRD analysis report (Figure 17). Several
structures, BCC–β1, BCC–β2, Laves phase, and the complex cubic phase, were detected.
Due to the phase proportion calculations, it was observed that the laves–C14 phase (56 wt.%)
was predominant, followed by BCC–β1–A2 (22 wt.%) phase, BCC–β2–A2 (12 wt.%), and
complex cubic–D8a (10 wt.%). The XRD results for the FeTa0.5Nb0.5TiZr0.5 alloy show
fewer phases than the alloy with a higher Ti content, but unstable BCC–A2 variations are
still present.

According to the SEM images (Figure 18), the FeMnNb0.5TiZr0.5 alloy sample had
a large dendritic structure. The EDS analysis (Table 7 and Figure 19), shows that the
dendritic area (DR) contained mostly Mn, Ti, and smaller quantities of Fe, Zr, and Nb. In
the interdendritic area, the presence of two phases can be observed (ID1 and ID2). These
phases had a high concentration of Ti, followed by Nb, Mn, Fe, and Zr.
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Figure 17. X-ray diffraction pattern for the FeTa0.5Nb0.5TiZr0.5 alloy.

Figure 18. SEM image of the FeMnNb0.5TiZr0.5 alloy sample with the selected points for EDS analysis.

Table 7. EDS composition for the FeTa0.5Nb0.5TiZr0.5 alloy, in wt.%.

Phase
Composition, wt.%

Zr Nb Ti Ta Fe

DR 7.33 16.20 30.65 32.41 13.41
ID1 6.82 12.70 38.86 25.72 12.70
ID2 7.00 13.26 39.33 20.78 17.21

The XRD phase analysis, presented in Figure 20, reveals several structures—the BCC–
β1, Laves, and hexagonal compact phases. The Laves–C14 phases were present in a higher
proportion (82 wt.%) than the BCC–β1–A2 (14 wt.%) and HCP–A3 (4 wt.%).

The samples were analyzed to determine the microhardness (Table 8) and it was
observed that the FeTa0.5Nb0.5TiZr0.5 was the alloy with the highest microhardness
(898.02 HV), followed closely by FeTa0.5Nb0.5Ti1.5Zr0.5 and FeMnNb0.5TiZr0.5. After the
re-melting of the FeTa0.5Nb0.5Ti1.5Zr0.5 alloy, the microhardness decreased by approxi-
mately 13%.

The selection criteria applied to the FeTa0.5Nb0.5TiZr0.5, FeTa0.5Nb0.5Ti1.5Zr0.5, and
FeMnNb0.5TiZr0.5 alloys showed good potential for the formation of mixed structures
containing either solid solutions (SS) or intermetallic compounds (IM). The experimental
findings match the criteria calculations for the FeTa0.5Nb0.5TiZr0.5 and FeTa0.5Nb0.5Ti1.5Zr0.5
alloys, where high proportions of SS and IM were distinguished. Nevertheless, for the
FeMnNb0.5TiZr0.5 alloy, the experimental findings show much larger contents of intermetal-
lic Laves-type phases than the criteria calculation results.
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Figure 19. EDS mapping of the FeMnNb0.5TiZr0.5 alloy.

Figure 20. X-ray diffraction pattern for the FeMnNb0.5TiZr0.5 alloy.

Table 8. Vickers microhardness for the obtained alloys.

Alloy Vickers Microhardness, HV

FeTa0.5Nb0.5Ti1.5Zr0.5 802.8
re-melted FeTa0.5Nb0.5Ti1.5Zr0.5 699.0

FeTa0.5Nb0.5TiZr0.5 898.2
FeMnNb0.5TiZr0.5 802.9

The CALPHAD method produced similar phase configurations with those obtained in
the experimental results for the FeTa0.5Nb0.5TiZr0.5 and FeTa0.5Nb0.5Ti1.5Zr0.5 alloys, where
BCC and Laves phases had similar proportions. The thermodynamic simulation for the
FeMnNb0.5TiZr0.5 alloy showed a significantly lower proportion of the Laves phase in the
experimental results.

The phases that were present in both representations for the FeTaNbTiZr system
were BCC–A2, HCP–A3, and Laves. A complex D8a phase was identified in the as-cast
alloy sample and was not indicated by the CALPHAD simulation. The simulation of
FeMnNbTiZr solidification behavior showed a larger number of phases (BCC–A2, HCP–
A3, β–Mn, and Laves) than in the experimental results (Laves, BCC–A2 and HCP–A3).
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Overall, the results obtained in the experimental trials relate well to the preliminary alloy
structural modeling results, and the differences encountered in the phase composition can
be attributed to the nonequilibrium nature of the casting process.

4. Conclusions

This paper presents the selection process and characterization of complex concentrated
alloys with reduced contents of critical raw materials. With the analysis of the properties of
the main elements used for obtaining complex concentrated alloys with reduced contents
of critical raw materials, two alloy systems are proposed—FeTaNbTiZr and FeMnNbTiZr.
Considering the variations of the contained elements, the MatCalc simulation program
was used to analyze the solid solutions’ redistribution during the solidification process.
To design the optimal composition for both selected alloy systems, calculations of the
kinetic and thermodynamic criteria were performed, varying the proportions of each
element. For the FeTaNbTiZr alloy system, it was identified that high percentages of Ta,
Nb, and Zr stimulate the formation of structures based on solid solutions. Ti has good
biocompatible properties, but it is important it is kept at low percentages because it is
included in the critical raw materials list. Besides reducing the Ti content, the substitution
of Ta with Mn was also considered because of its high availability and known potential for
the formation of solid solution structures, thus leading to the second selection for the alloy
system—FeMnNbTiZr.

From the simulation results performed by CALPHAD modeling, the semi-empirical
criteria calculations, and the critical characteristics of the used elements, several compo-
sitions were selected for further analysis—FeTa0.5Nb0.5Ti1.5Zr0.5, FeTa0.5Nb0.5TiZr0.5, and
FeMnNb0.5TiZr0.5.

The selected alloys were prepared in an induction furnace for improved homogeneity
and reduced processing stages. Significant structural changes were observed after the
remelting process, shown for the FeTa0.5Nb0.5Ti1.5Zr0.5.

The empirical results provided by SEM-EDS and XRD analyses of the FeTa0.5Nb0.5Ti1.5
Zr0.5 (melted and remelted), FeMnNb0.5TiZr0.5, and FeTa0.5Nb0.5TiZr0.5 alloys indicate
a significant content in solid solutions as well as in intermetallic phases. The as-cast
FeTa0.5Nb0.5Ti1.5Zr0.5 alloy presented a refined structure, containing a preponderant BCC–
β1–A2 solid solution phase and characterized by different types of dendritic structures,
with a variable phase composition from the center to the borders. The structure of the
remelted alloy can be described by larger and branched dendrites, in comparison to the
small and well-dispersed dendrite fragments of the melted composition. The differences
between the melted and remelted FeTa0.5Nb0.5Ti1.5Zr0.5 alloys, in terms of dendrite size
and element distribution, were observed in the EDS analysis.

The as-cast FeTa0.5Nb0.5Ti1.5Zr0.5 alloy showed a dendritic structure with uniform
element distribution, besides small size segregations of Zr, while the remelted one presented
well-defined dendrites. The as-cast FeTa0.5Nb0.5TiZr0.5 alloy sample, where the titanium
content was reduced, had a small number of phases compared to the FeTa0.5Nb0.5Ti1.5Zr0.5
alloys (melted and remelted), and the dendritic structures have larger branches. The CCA
composition based on manganese, FeMnNb0.5TiZr0.5, had a smaller number of phases and
a large dendritic structure.

Considering the XRD results, it can be observed that the melted and remelted FeTa0.5
Nb0.5Ti1.5Zr0.5 alloys showed three different BCC–A2-type phases—a Laves phase, a com-
plex cubic phase, and a hexagonal compact phase, with similar phase proportions. With the
decrease in Ti content, the number of phases decreased compared to the previous alloy, but
unstable BCC-A2 variations were still present. The FeMnNb0.5TiZr0.5 alloy composition
presented a structure based on BCC–β1–A2, Laves, and hexagonal compact phases.

By comparing the criteria and with the MatCalc simulation with the empirical results,
it was observed that several variations of the BCC–A2 phase were present in the prepared
samples, while more intermetallic phases were present in the simulation diagrams. How-
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ever, the structural findings are similar in terms of phase constitution. BCC–A2, HCP–A3,
and Laves appeared in both representations.

The studied alloys represent good options for further studies on the replacement and
improvement of conventional alloys with biocompatibility properties.
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