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Chapter

High Entropy Alloys for Medical
Applications
Victor Geanta, Ionelia Voiculescu, Petrica Vizureanu

and Andrei Victor Sandu

Abstract

A wide variety of metallic biomaterials have been developed so far, including
various types of alloys. However, there is a strong need in the medical field for new
solutions in what concerns metallic biomaterials with superior biocompatibility and
mechanical properties in order to meet future requirements, including the recently
developed high entropy alloys (HEAs). This chapter presents some characteristics
of high entropy biocompatible metallic alloys produced in an electric-arc remelting
furnace in argon inert atmosphere. The effects of the chemical elements used, the
microstructural features, and some mechanical characteristics, both in the cast state
or after some heat treatments, are highlighted.

Keywords: high entropy alloys, biocompatible, microstructure, microhardness

1. Introduction

1.1 Background

HEAs are defined as alloys comprising more than five main elements mixed in
an equiatomic or near-equiatomic fraction [1–14]. Many HEAs have been reported
to have: superior mechanical properties, such as ultrahigh fracture even at high
temperatures, high hardness, toughness exceeding that of most pure metals and
alloys, excellent comparable strength to that of structural ceramics and some
metallic glasses, exceptional ductility, and fracture toughness at cryogenic temper-
atures [1, 3], and good physical properties, such as superconductivity, super-
magnetism, and significant resistance to corrosion [5].

By replacing one or several elements in the composition of high entropy alloys,
properties that significantly differ from the initial ones can be obtained. Furthermore,
the decrease or increase in the ratio of additional elements can generate different
metallographic structures with significant influences on the properties of alloys
[6–10]. While high-strength conventional alloys are based mainly on the controlled
distribution of one or two high-hardness phases at most, in high entropy alloys, the
exceptional properties are based on the quenching effect of the supersaturated solid
solution and on the suppression of the intermetallic phases [1, 4–12]. The complex
distribution of the various chemical elements within the crystalline network of high
entropy alloys appears to be the main cause of their special characteristics when
compared to the classical or bi-component alloys. Choosing the combination of chem-
ical elements could allow to simultaneously cumulate superior mechanical properties
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as well as to ensure special corrosion resistance and biocompatibility, making their use
as a new class of biocompatible metallic materials suitable [10, 12].

According to the most recent evaluations, the criteria for forming simple solid
solutions in high entropy alloys must comply with the following conditions [13, 14]:

• Configuration entropy (ΔSam), which in cases of high entropy alloys must be
higher than 11 J/mol K. The entropy of mixing [Eq. (1)] is calculated using
Boltzmann’s formula:

ΔSmix ¼ �R
X

cilnci (1)

where R is the gas constant (8.314 J/mol K) and ci is themolar fraction of element i.

• The enthalpy of mixing (ΔHam) of the alloy must be between �11.6 and
3.2 kJ/mol, and it is calculated using the derived formula [Eq. (2)] from
Miedema’s macroscopic model:

ΔHam ¼
X

cicj ΔHij (2)

where ΔHij is the binary enthalpy of the formation of the elements i and j.

• The atomic radius difference criterion (δ), which claims that the phases that
contain predominantly solid solutions are formed for values lower than 6.6%,
and at values lower than 4%, only solid solutions are formed. The calculation
formula Eq. (3) for δ was defined as follows:

δ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

ci 1�
ri
r

� �

2

r

(3)

where ri is the atomic radius of element i and r is the average atomic radius.

• The derived parameter Ω includes ΔSam and ΔHam and is taken into
consideration only together with δ. If Ω > 1.1 and δ < 3.6%, only solid solutions
are formed. If 1.1 < Ω < 10 and 3.6% < δ < 6.6%, only solid solutions and
intermetallic compounds are formed, and if Ω > 10, only solid solutions are
formed. The calculation formula for Ω Eq. (4) is:

Ω ¼ Ttop ΔSam=∣ΔHam∣ (4)

where Ttop is the melting temperature calculated using the expression Eq. (5):

Ttop ¼ ΣciTtop i (5)

where Ttop i is the melting temperature of element i.

• The difference in electronegativity Δχ (according to Allen) of the various
components of the alloy must be comprised between 3 and 6% in order to form
only solid solutions. The calculation formula was deduced in a similar way to
the one used to calculate the difference in atomic radius Eq. (6):

Δχ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Σci 1�
χi

χ

� �

2

s

(6)
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where χi is the electronegativity of the element i, and χ is the average
electronegativity.

• The critical correlation ratio to obtain only solid solutions is determined by the
expression Eq. (7):

kcr1 ¼ 1�
TAΔSam
ΔHam

1� k2ð Þ>
ΔHIM

ΔHam
(7)

where IM index refers to intermetallic compounds, while TA is the homogeniza-
tion temperature; k2 index is considered to be 0.6 and represents the ratio between
the entropy of the formation of the compounds and that of the formation of solid
solutions.

Even though some inconsistencies can be noticed between the above-mentioned
criteria, they are useful to evaluate the conditions under which solid phases are
formed in multi-component alloys [13, 14].

1.2 State of the art

High entropy alloys with different compositional characteristics have attracted a
lot of attention due to their potentially interesting properties for special fields.
Meanwhile, this area provides vast opportunities for new compositions and micro-
structures, especially for complex alloys [15, 16].

After developing refractory high entropy alloys composed of a single BCC phase
in W-Nb-Mo-Ta and W-Nb-Mo-Ta-V alloy systems, it was necessary to produce
alloys that comprised transitional metals such as Nb-Mo-Ta-W, V-Nb-Mo-Ta-W,
Ta-Nb-Hf-Zr-Ti, Hf-Nb-Ta-Ti-Zr, Mo-Nb-Ta-V-W and the equiatomic Hf-Mo-Nb-
Ta-Ti-Zr alloys [3, 15–18]. From a biocompatibility perspective, it is interesting to
note that the majority of these elements are biocompatible, with the exception of
vanadium. By combining the HEA concept with the need to ensure alloy biocom-
patibility, biocompatible high entropy alloys have been designed from the above-
mentioned systems, with potential use for orthopedic implants. Results are reported
as regards the production and testing of high entropy alloys in the system
TiNbTaZrMo, TiNbTaZrFe, TiNbTaZrW, TiNbTaZrCr, and TiNbTaZrHf having
deformability and biocompatibility characteristics superior to pure titanium, con-
sidered to be the least cytotoxic of all metals.

The high entropy alloys in the CrCoFeMoMnNiNb system microalloyed with Ta,
Ti or Zr have special mechanical characteristics (compression strength above
2000 MPa, good deformation capacity under severe conditions and good dynamic
impact behavior), excellent passive film chemical stability (corrosion potential in
simulated biological environment), and reduced cytotoxicity (determined within
the MTT test, ISO 10993) compared with the classical alloys used in highly
demanding medical devices (CoCr or CoCrMo alloys), which have recorded side
effects (tissue necrosis and release of metal ions in the body exceeding the
acceptable limits) [15].

The data for the VEC parameter (valence atom concentration) from the
TiNbTaZr and TiNbTaZrX alloys (where X was the element replaced, in turn, with
Cr, V, Mo, W, and Fe) were located around value 5, indicating the formation of a
BCC structure as well as the tendency to form a solid solution phase. In accordance
with the above-mentioned criteria, the TiNbTaZr and TiNbTaZrX1 alloys (where
X1 can be one of the Mo or W elements) show a reduced possibility of solid
solution formation due to the high value of the δ parameter (difference of the
atomic radius) [18].
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Refractory element Mo is preferred in manufacturing metallic biomaterials due
to the fact that it can be found in several conventional metallic biomaterials, such as
Ti-15Mo-5Zr-3Al and Co-Cr-Mo [15–19]. Cast and quenched HEA TiNbTaZrMo
had breaking strength values exceeding 1000 MPa, higher than those of
TiNbTaZrHf and Ti6Al4V refractory alloys, but also good deformability.
Quenching led to the improvement of TiNbTaZrMo deformability, which was
attributed to coarse granulation and/or redistribution of constituent elements in the
dendritic and interdendritic regions [15, 18]. The distribution of cells formed on
different types of substrates plays a significant role in cellular functions that involve
protein migration, proliferation, and synthesis. In osteointegration tests, the osteo-
blasts formed on cast and quenched HEA TiNbTaZrMo surfaces showed a wide-
spread morphology, fairly similar to the morphology of the cells on the CP-Ti
titanium alloy. On the other hand, the osteoblasts formed on the 316 L austenitic
stainless steel were smaller and had a less widespread morphology. The results
obtained indicated that osteoblasts had a better tendency to develop, contributing
significantly to forming the bone matrix in the case of HEA TiNbTaZrMo, with or
without heat quenching treatments, the effects being similar to CP-Ti alloys
[15, 16].

Further research is necessary in order to clarify the origin of the excellent
biocompatibility of HEA TiNbTaZrMo. These results clearly indicate that these
alloys are a new class of metallic biomaterials with exceptional characteristics. To
conclude, the new TiNbTaZrMo equiatomic biocompatible alloy contains two BCC
solid solution-type phases with a fine equiaxial dendritic structure and an excellent
biocompatibility compared to pure Ti, together with superior mechanical proper-
ties, indicating the possibility of being used as a new class of metallic biomaterials.

Over the last few years, there has been an increased need to manufacture stents
to take over blood vessel functions. Alongside the classical titanium alloys used in
this respect, some high entropy alloys from the CoCrFeNiMn and Al0.1CoCrFeNi
systems were also investigated [16, 20].

CoCrFeNiMn alloy is equiatomic and was developed for the first time by Cantor
[17]. He found the alloy to be very stable, to have higher configuration entropy than
melting entropy, being made up of a single phase solid solution with FCC crystalline
structure [17, 18]. Moreover, it possesses remarkable mechanical properties, such as
high plasticity and ductility, as well as significant tear resistance. This alloy’s
microstructure is dendritic, and its diffusion rates are very slow. This conclusion
was reached after carrying out analyses on heat treated specimens at 700 or 900°C
for one-hour periods, when it was discovered that the diffusion of elements was
extremely low regardless of the value of the holding temperature [20].

The heat treatments led to a moderate increase of the breaking strength from
447 to 515 MPa (in the case of homogenization to 900°C, maintaining the elonga-
tion at break at the same value of 51%) for AlCrFeNiMn alloys [17, 18, 20]. The
increase of the homogenization time to 48 hours and of the temperature to 1000°C
did not produce major changes in the mechanical characteristics, there even being a
slight decrease in the breaking strength to 475 MPa and in elongation to 50%. This
behavior led to the conclusion that these alloys are not substantially consolidated by
precipitating intermetallic compounds during heat treatments. However, different
results were obtained by applying a combined treatment that consisted of annealing
+ rolling + annealing. The heat and mechanical processing parameters were:
annealing at 1000°C for 4 hours, cold rolling with a 50% thickness reduction, from
5.8 to 2.9 mm, and a reduction speed of 0.2 mm per passing, followed by a new
annealing at 1000°C for 4 hours.

Following the initial annealing treatment, the material loses its hardness,
acquires even greater plasticity, and partial diffusion phenomena occur, while the

4

Engineering Steels and High Entropy-Alloys



dendritic microstructure suffers from a rolling finish, reducing interdendritic
spaces and eliminating pores and casting defects [17, 20, 21]. The Al0.1CoCrFeNi
alloy contains 2.44 at % Al and 24.4 at % of elements Co, Cr, Fe, and Ni, respec-
tively, being single-phased with FCC structure. While casting, the mechanical
characteristics of this alloy are modest; the yield strength is 140 MPa, the tensile
strength is 370 MPa, and the elongation reaches 65%. By applying combined
thermo-mechanical treatments (cold rolling with 60% reduction and homogeniza-
tion at 1000°C for 24 hours) increases in mechanical properties and microstructure
modification from dendritic to polygonal are obtained [17, 18].

Combining a Ti oxide layer with a Zr oxide layer in a TiNbTaZr alloy demon-
strated an excellent biocompatibility. From this viewpoint, obtaining a high corro-
sion resistance of the implanted metals, which work under physiological corrosion
conditions over long periods of time, became a major concern. The excellent corro-
sion resistance of HEA TiZrNbTaMo in corrosive environments, comparable to that
of the Ti6Al4V, was due to the passivation effects of the surface and to achieve high
stability to the pitting phenomenon [21–26]. In general, the biomaterial-made
implantable elements are aimed at improving and extending the patients’ lives.
After using orthopedic prostheses made from bio inert materials for a long time, the
emphasis is now laid on using materials that can activate tissue repair mechanisms,
called bioactive materials, through phenomena aimed at increasing proliferation
and differentiation of osteoblasts, resulting in in situ reformation of bone architec-
ture [27, 28]. Regarding the biocompatibility of implantable alloys, it is mandatory
to ensure an increased corrosion resistance in the corrosive physiological environ-
ment compared to the classical alloys [18].

This chapter presents a series of results regarding the obtaining and characteri-
zation of high entropy biocompatible alloys from the CrFeMoNbTaTiZr,
CrFeMoNbTaTi, CrFeMoNbTaZr, CrFeMoTaTiZr, CrFeTaNbTiZr,
CrTaNbTiZrMo, and FeTaNbTiZrMo alloying systems. All the alloys were produced
at laboratory scale, in an electric-arc remelting furnace in an inert argon atmo-
sphere. Given that the alloys contain easily fusible elements, some of the metal
components were not completely melted during the primary processing. The
microstructural characteristics and the microhardness of the alloys suffered changes
following the application of homogenization heat treatments. Some of these exper-
imental alloys underwent corrosion resistance tests in simulated biological environ-
ments, the results obtained being encouraging. The microscopic investigation of cell
viability in direct contact with FeMoTaTiZr alloy in a 1:1:1:1:1 ratio, in which the
in vitro cultivation of mesenchymal stem cells isolated from human bone tissue was
carried out, demonstrated the biocompatibility of this type of alloy [28]. The con-
ditions of adhesion to the implanted metallic material can be improved by deposit-
ing hydroxyapatite-based layers on its surfaces using the magnetron sputtering
method. This method allows controlling the deposition parameters so as to obtain
thin, flawless, uniform layers, with a very good adhesion to the substrate, low
roughness, resistant to corrosion and wear, low stress layers, which are essential
properties to be used in medical applications [29].

2. Experimental results

2.1 Obtaining of biocompatible high entropy alloys in the RAV MRF ABJ 900
furnace

High entropy alloys can be obtained in optimum conditions in RAV furnaces
working in high purity argon-controlled environments. The concept for the design
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of experimental alloy recipes from the CrFeMoNbTaTiZr system was based on the
choice of chemical elements having extremely low biotoxicity, currently used as an
alloying base for classical alloys used to manufacture medical devices. In order to
produce high entropy alloys in the CrFeMoNbTaTiZr system in the MRF ABJ 900
vacuum arc remelting equipment within the ERAMET—SIM, UPB Laboratory,
seven classes of different alloys were chosen in which the chemical composition
varied, maintaining the equiatomic proportion in each of them, as follows: HEAB 1
—CrFeMoNbTaTiZr; HEAB 2—CrFeMoNbTaTi; HEAB 3—CrFeMoNbTaZr; HEAB
4—CrFeMoTaTiZr; HEAB 5—CrFeTaNbTiZr; HEAB 6—CrTaNbTiZrMo; HEAB 7
—FeTaNbTiZrMo. Raw materials consisting of elements with purity greater than
99.5 wt % were mechanically processed to be introduced into the RAV equipment,
then weighed, and dosed in equiatomic reports (Table 1).

For each experimental alloy sample, a metal load constant of approx. 30 g was
maintained. The raw materials were deposited on the copper plate of the RAV
equipment in an order meant to ensure the quickest possible formation of a metal
bath under the action of the electric arc (Figure 1). This mode of operation is very
important when working with refractory chemical elements. After coupling to the
cooling system, the process continued with successive suctions until a pressure of
5 � 10�3 mbar was obtained in the working area.

Argon atmosphere (5.3 purity levels) was then introduced, and approx. 8–10
homogenization melts were performed, by rotating the samples, in order to ensure a
uniform distribution of the chemical elements in the alloys produced. The high

Alloy Element, g Production efficiency, g

Cr Fe Mo Nb Ta Ti Zr

HEAB 1 CrFeMoNbTaTiZr 2.55 2.73 4.68 4.54 8.77 2.37 4.38 29.85

HEAB 2 CrFeMoNbTaTi 2.97 3.19 5.47 5.30 10.32 2.74 — 29.91

HEAB 3 CrFeMoNbTaZr 2.74 2.95 5.06 4.90 9.54 — 4.80 29.42

HEAB 4 CrFeMoTaTiZr 2.98 3.20 5.50 — 10.36 2.75 5.21 29.69

HEAB 5 CrFeTaNbTiZr 3.00 3.22 — 5.36 10.42 2.76 5.24 29.72

HEAB 6 CrTaNbTiZrMo 2.78 — 5.13 4.98 9.68 2.56 4.87 29.94

HEAB 7 FeTaNbTiZrMo — 2.97 5.10 4.94 9.61 2.55 4.83 29.95

Table 1.
Mass and production efficiency of biocompatible high entropy alloy batches.

Figure 1.
HEAB 1 to HEAB 7 batches prepared for melting on the copper plate of the RAV equipment (a) and after
melting (b).
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number of successive remelting was imposed by the fact that the load contained
high melting temperature elements, such as: Fe—1538°C; Ti—1668°C; Zr—1855°C;
Cr—1907°C; Nb—2477°C; Mo—2623°C; Ta—3017°C.

The buttons made from biocompatible HEA alloys (Figure 1b) were weighed in
order to determine the production coefficient. The losses were due to the fact that,
during the process of producing the alloys, there were small drips in the working
area, under the action of the electric arc, without their excessive vaporization.

2.2 Microstructure

Samples were taken from the biocompatible high entropy alloys produced in
order to carry out the microstructural analysis. The samples taken by abrasive disk
cutting under cooling liquid jet were then subjected to the metallographic prepara-
tion procedure, using abrasive paper with grit sizes ranging between 360 and 2500,
followed by polishing using alpha alumina suspension with grit sizes ranging
between 3 and 0.1 μm. The experimental alloys were not chemically etched using
metallographic reagents so as to also perform localized chemical composition ana-
lyses using the EDAX detector. The microstructural analysis was carried out by
optical and scanning electron microscopy, using an Olympus GX 51 optical micro-
scope and a SEM Inspect S electron microscope equipped with an EDAX type Z2e
detector from the LAMET, UPB laboratory.

Following the metallographic examination, a significant part of the chemical
elements included in the matrix of the HEAB 1 (CrFeMoNbTaTiZr alloy) and HEAB
2 (CrFeMoNbTaTi alloy) was dissolved, forming a solid homogeneous solution
(Figure 2a, b).

Elements such as Cr, Zr, Fe, and Nb formed a common solid solution in which
intermetallic compounds precipitated. Nonetheless, a series of compounds of hard-
to-melt elements (Mo and Nb), dispersed relatively uniformly in the base matrix
(Figure 3), were visible. High melting temperature chemical elements, such as Ta
and Mo, were not completely melted, the rounded grains being partially adherent to
the solid solution existing between the other chemical elements of the alloy
(Figure 3a, b). In the case of the HEAB 3 (CrFeMoNbTaZr alloy), the tantalum was
impossible to melt within the volume of the designed batch, which was too small.
The big difference between the melting temperatures of the chemical elements
constituting the alloy, corroborated with the rapid cooling in the water cooled
copper base plate, also generated fracture effects in the metal matrix at the interface
with the Ta or Mo grains (Figure 3a, b).

Even though the HEAB 4 (CrFeMoTaTiZr alloy) contained only two hard-to-
melt elements (Mo and Ta), it was still impossible to completely dissolve its metallic
grains (Figure 4a). Furthermore, between the hard-to-melt metal grain (Ta) and
the embedded metal matrix, some micro-cracks were formed perpendicular to the
interface, as a result of solidification stresses (in other words, as a result of the
inability of the high-hardness metal matrix to disperse the stresses generated by
rapid cooling).

The HEAB 5 (CrFeTaNbTiZr alloy) and HEAB 6 (CrTaNbTiZrMo alloy) ran a
similar course with the other alloys presented above, the dissolution of the Ta
particles being impossible in this case as well (Figure 4). A possible cause could be
the volume of the grains (having a mass of approx. 10.42 g), which was too big in
relation to the total volume of the batch (having a total mass of approx. 29.22 g),
which was too small. The very short time in which the alloy was in liquid state did
not allow for the complete dissolution of larger grains.

In the case of the HEAB 7 (FeTaNbTiZrMo alloy), the issue of dissolving hard-
to-melt metal particles (Ta and Nb) could not be solved during the melting stage
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(Figure 5). The FeTaNbTiZrMo alloy shares characteristics similar to the ones
previously mentioned. The Ta particle failed to dissolve in this case as well, a
fracture being developed from its interface with the base matrix (Figure 6).

The remaining elements formed a fairly homogenous solid solution, with a
dendritic appearance, in which a series of intermetallic compounds were dispersed
and uniformly distributed. The dendritic appearance of the metallic matrix was also
highlighted on the breaking surfaces of the mini ingots (Figure 7a). The images
obtained with the help of SEM electron microscopy show micro-dendrites alternat-
ing with surfaces of cleavage fractures and micro-fractures, which explain the high
brittleness of these alloys in cast state. The localized chemical composition analyses

Figure 2.
Cross-section of biocompatible HEABs upon the same magnification. Optical microscopy (1000 magnification)
(a) CrFeMoNbTaTiZr; (b) CrFeMoNbTaTi; (c) CrFeMoNbTaZr; (d) CrFeMoTaTiZr; (e) CrFeTaNbTiZr;
(f) CrTaNbTiZrMo.
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(Table 2) highlighted the distribution of elements into the dendritically metallic
matrix and the segregation of some elements (Nb, Ti, and Ta) near the interface
with undissolved blocks of Nb and Ta (Figure 8).

Figure 3.
Undissolved blocks present in the experimental HEAB alloys. (a) CrFeMoNbTaTiZr; (b) CrFeMoNbTaZr.

Figure 4.
Undissolved tantalum fragments in the high entropy alloys. (a) CrFeTaNbTiZr; (b) CrTaNbTiZrMo.

Figure 5.
Undissolved Ta and Nb fragments in the FeTaNbTiZrMo alloy.
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2.3 Heat treatments

Given the fact that HEAs are metallic materials with a high degree of chemical
heterogeneity resulted from the association of chemical elements with significant
differences in atomic diameters and different mutual solubility, the majority of the
researchers in the field resorted to applying heat treatments after producing the
alloys [20, 21]. The homogenization heat annealing treatments can reduce or elim-
inate the segregation effects of chemical elements which take place during casting in
the case of high entropy alloys [20]. Microstructures near-equilibrium thus results,
either by dissolving the metastable phases or by nucleating the equilibrium phases,

Figure 6.
Undissolved tantalum fragment in the FeTaNbTiZrMo alloy.

Figure 7.
Microstructure (a) and semi-quantitative composition spectrum (b) of FeTaNbTiZrMo alloy on the breaking
surface.

Spot Chemical elements, wt% Location

Fe Ta Nb Ti Zr Mo

1 — — 100 — — — Nb block

2 — 24.74 67.99 7.28 — — Interface with Nb

3 24.19 10.26 14.30 14.25 28.81 8.20 Matrix

4 3.66 25.7 30.00 7.98 5.49 26.90 Matrix

5 — 42.14 48.27 9.59 — — Interface with Ta

6 — 100 — — — — Ta block

Table 2.
The chemical composition of micro-zones which corresponds to Figure 8.
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the formation of which is suppressed during rapid cooling. The final result of
annealing treatments is to reduce the level of micro- or macroscopic residual
stresses [3, 4]. Thus, homogenization annealing combined with rapid cooling was
shown to allow for increased values of mechanical characteristics. In some cases,
depending on the chemical composition of the alloy, hardness values decreased if
successive heat treatments were applied at different temperatures [1, 22]. Some of
the heat treatments applied to high entropy alloys can either lead to hardening
effects or to an increased plasticity and toughness, depending on the value of the
heating temperature, on the actual duration of holding at those temperatures as well
as on the cooling mode. The effects of heat treatments on macro- and micro-
structure depending on temperature are very interesting and suggestive [22–30].
The dendritic morphology specific to cast alloys is unaffected if the holding tem-
perature does not exceed 1040°C. On the contrary, when the temperature exceeds
1200°C, phases rich in certain chemical elements occur (e.g., Cu) [20]. The forma-
tion of HC-rich in BC-Ta-Nb and hexagonal-packed close (HCP) was highlighted
during the heat treatments, depending on the annealing time at 700°C [31].

When it comes to the experimental alloys developed in this chapter, a series of
heat treatments were applied in order to achieve the microstructural homogeniza-
tion and the dissolution of hard-to-melt particles. The samples underwent heat
treatment for aging at 600°C for 4 hours and then at 900°C for 6 hours. The heat
treatments were performed in the Nabertherm LT 15/12/P320 furnace with a pro-
grammable chart for the heat regime. The heating speed was of 20°C/min, and the
samples kept for 4 hours were cooled in air, while the samples kept for 6 hours were
cooled in the furnace. The evolution of the new alloy microstructure was
highlighted by optical and electron microscopy. Thus, before applying heat treat-
ments, the hard-to-melt elements (Ta, Nb, and Mo) did not completely dissolve in
the metal melt; they were only diffused at the level of the separation boundaries, on
short distances. After the heat treatment, an increased tendency toward oxidation
was noticed in the elements located in the superficial layer of the samples, as well as

Figure 8.
SEM image of interface between two undissolved blocks and dendritically metallic matrix (Nb, a), (Nb and
Ta, b), (Ta, c) and semi-quantitative composition spectrum for the FeTaNbTiZrMo alloy (d) for the
micro-zones (spot 1 to spot 6).
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the formation of a homogenized alloy band, with a dendritic microstructure,
located immediately below the complex oxide layer (Figure 9).

The effects of the heat treatment are also highlighted by means of an EDS
analysis performed with an AMETEC Z2e analyzer on micro-zones located both at
the center of the CrFeMoTaTiZr samples as well as at the edges, in order to quantify
the oxidation and diffusion effects. An image of the boundary between an
undissolved Ta particle and the embedding metal matrix is illustrated in Figure 10.

3. Microhardness

The heat treatment effects on mechanical hardness characteristics are
highlighted by the different microhardness values determined with the help of the
Shimadzu HMV 2 T microhardness tester, presented in Table 3.

The analysis of the microhardness values resulted from applying a homogeniza-
tion treatment showed that hardness increases in the highly alloyed metal matrix up
to the average value of 1290 HV0.2 in case of the CrFeMoTaTiZr alloy. The diffu-
sion of the chemical elements during the treatment determined a reduced hardness
in the marginal zone adjacent to the surface (located at a distance of approx. 200

Figure 9.
The oxidized layer of CrFeMoTaTiZr alloy after heat treatment at 800°C/24 hours/slow cooling in the furnace
with fractures (a) and peeling (b).

Figure 10.
The interface with undissolved Ta particle (a) and semi-quantitative composition spectrum (b) of the
heat-treated CrFeMoTaTiZr alloy.
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microns), where the average hardness value was 882 HV0.2, that is, approx. 66
HRC, as well as the formation of a homogenization band of approx. 45 microns,
where the hardness increased to 1337 HV0.2. The microstructural aspects are in
accordance with the microhardness values.

As can be seen from the data presented in Table 3 and Figure 11, HEAB 1–HEAB
5 have very close values of microhardness, with the average being around
750 HV0.2. A notable difference was obtained with the HEAB 6 alloy, which had the
lowest hardness value (544 HV0.2) before heat treatment. Also, for the HEAB 7
alloy, the microhardness was between the minimum and maximum values of the
other materials (655 HV 0.2).

After heat treatment, the HEAB 6 alloy recorded a considerable increase in
hardness in some areas (under the oxidized layer), which came to about
1337 HV0.2. This development, which represents an increase of over 150%, can
be exploited in terms of obtaining high-wear-resistant surfaces for medical
instruments.

Alloy Microhardness values in points

of HV0.2/10

Average value,

HV 0.2

Variation coefficient of

hardness

CrFeMoNbTaTiZr 749; 739; 700; 743; 747 736 2.76

CrFeMoNbTaTi 750; 732; 747; 804; 736 754 3.85

CrFeMoNbTaZr 775; 748; 719; 725; 803 754 4.66

CrFeMoTaTiZr 697; 764; 795; 790; 712 752 5.97

CrFeMTaNbTiZr 749; 700; 748; 736; 705 728 3.24

CrTaNbTiZrMo 581; 567; 591; 590; 544 575 3.42

FeTaNbTiZrMo 626; 686; 655; 657; 651 655 3.26

CrFeMoNbTiZr

Central zone

Marginal zone

791; 832; 817; 775; 772

801; 809; 822; 798; 815

797

809

3.30

1.22

Heat-treated

CrFeMoTaTiZr

Central zone

Marginal zone

homogenized layer

974; 1349; 1406; 1286; 1434

906; 876; 893; 893; 840

1296; 1429; 1305; 1339; 1316

1290

882

1337

14.38

2.88

4.03

Table 3.
Microhardness values for biomedical HEA samples.

Figure 11.
Evolution of microhardness for experimental biocompatible HEA.
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4. Cell viability preliminary tests

In order to evaluate the cell viability of the new alloys with high entropy in
simulated biological environments, a series of experiments on bone fragments taken
from bone extractions from human patients were performed. Bone fragments were
transferred to minimally modified Dulbecco essential medium (DMEM) (Sigma cat.
No. D6046) supplemented to the final concentration of 1% with penicillin/strepto-
mycin (Sigma cat.no.P4333) and 10% fetal bovine serum (FBS) (Sigma F7524) and
centrifuged at 4000 rpm for 10 min to dislodge stem cells. Bone fragments were
cultured as explants in a vial with a surface of 75 cm2 (Eppendorf No. 0030711122)
at 37°C, in a humid atmosphere, with 5% CO2. After 7–10 days, the first cells that
migrated from the explants were observed under the microscope. Cells directly in
contact with the alloy samples were analyzed in the Leica DMi8 inverted micro-
scope, using FITC and Rhodamine fluorescence cubes, after incubation with Calcein
AM and Propidium Iodide.

5. Conclusion

The high entropy alloys in the CrFeMoNbTaTiZr, CrFeMoNbTaTi,
CrFeMoNbTaZr, CrFeMoTaTiZr, CrFeTaNbTiZr, CrTaNbTiZrMo, and
FeTaNbTiZrMo alloying systems can be produced in the RAV furnace provided that
the batch volume is large enough to allow the dissolution of hard-to-melt elements.
Raw materials need to be introduced in the form of smaller grain particles (below
1 mm in diameter) in order to favor the dissolution phenomena by diffusion in the
common molten metal bath. Moreover, the liquid state holding time must be
increased so as to achieve the complete dissolution of particles from hard-to-melt
elements. Heat treatments produce superficial oxidation effects, forming oxide
layers of approx. 42 microns thick, partly fractured or peeled. The hardness value in
case of the CrFeMoTaTiZr alloy increased from 800 HV0.2 to approx. 1290 HV0.2
after applying the heat treatment. The epifluorescence microscopy technique
showed that mesenchymal stem cells adhered to the surface of the alloy.
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