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Abstract In this study, three biocompatible high-entropy alloys were synthesized via mechanical alloying and
powder metallurgy. The objective was to evaluate the influence of substituting Cr, Fe, and V elements on phase
stability, microstructure, and mechanical properties. XRD results revealed a primary BCC structure in all three
alloys, with the lowest secondary HCP and intermetallic phases in TiZtNbCrV. This alloy exhibited the highest
BCC phase fraction, lowest porosity (3.11%), highest hardness (361 Vickers), highest compressive strength (1055
MPa), and low Young's modulus (24.8 GPa), demonstrating the best mechanical performance.
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1. INTRODUCTION

Owing to the increasing demand for advanced
metallic biomaterials, there is a critical need for
materials that combine excellent biocompatibility with
superior mechanical performance. High-entropy alloys
(HEAs), particularly those specifically developed for
biomedical applications (commonly referred to as Bio-
HEAs), have emerged as highly promising candidates,
as their multi-principal-element design enables the
simultaneous  fulfillment of  these  stringent
requirementsY ousefi et al., 2024b; Yousefi et al., 2024a;
Yousefi et al., 2025). These alloys are typically
composed of biocompatible refractory elements from
groups IV-VI, such as Ti, Zr, Nb, and Mo, incorporated
in near-equimolar or equimolar proportions. In certain
cases, additional elements, including Cr, Co, or Fe, are
introduced to tailor mechanical properties or enhance
phase stability.

The biocompatibility and long-term performance of
Bio-HEAs are strongly governed by their elastic
modulus, corrosion resistance, and microstructural
stability. Conventional processing routes, however,
frequently promote undesirable phase segregation,
which severely compromises mechanical integrity and
compositional homogeneity (Hori et al., 2019; Nagase

et al., 2020; Castro et al., 2021).

To address these limitations, powder metallurgy
combined with mechanical alloying has gained
considerable attention as an effective alternative
approach. These techniques offer precise control over
chemical composition, grain refinement, and the
intentional introduction of controlled porosity, features

that are beneficial for osseointegration (Vaidya et al.,
2019; Shittu et al., 2020). Despite these advantages,
challenges such as limited room-temperature ductility
and phase instability remain major concerns in Bio-
HEAs. Moreover, incorporating high-melting-point
elements, such as Ta or Mo, often introduces significant
processing difficulties (Yousefi et al., 2025; Hori et al.,
2019). Consequently, strategic elemental substitution
using more process-friendly alternatives has become
essential. The present work focuses on TiZrNb-based
high-entropy alloys containing different combinations
of Cr, Fe, and V (specifically TiZrNbCrV, TiZrNbFeCr,
and TiZrNbFeV) to systematically investigate the
influence of such substitutions on phase formation,
microstructural  characteristics, and mechanical
behavior. By comparing these three systems, this study
aims to elucidate the role of elemental replacement in
structural evolution and property optimization,
ultimately providing valuable guidelines for the
development of next-generation biomedical high-
entropy alloys.

2. MATERIALS AND METHODS

2.1 Starting Materials and Mechanical Alloying
High-purity elemental powders (=99.8 wt.%) of Ti,
Zr, Nb, Cr, Fe, and V with particle sizes ranging from 1
to 93 um were used as raw materials to produce three
equimolar compositions: TiZrNbCrV, TiZrNbFeCr, and
TiZrNbFeV. Mechanical alloying was carried out in a
high-energy planetary ball mill (Figurel). Absolute
ethanol (purity >99%) was added as a process control
agent (PCA) to minimize excessive cold welding of
particles. Stearic acid was deliberately avoided due to
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safety concerns and waste-disposal issues. A ball-to-
powder weight ratio of 10:1 was employed, and milling
was performed at 120 rpm for a total duration of 40
hours.

2.2 Compaction and Sintering

After complete drying, the milled powders were
uniaxially compacted in cylindrical steel dies (inner
diameter 7.5 mm) under a pressure of 2000 MPa.
Sintering was conducted at 1150 °C for 1 h in a flowing
Ar-H: reducing atmosphere. The heating rate was set at
10 °C/min, and samples were furnace-cooled at an
approximate rate of 1 °C/min. The reducing atmosphere
was essential, particularly for vanadium-containing
systems, to prevent severe oxidation of reactive
refractory elements at elevated temperatures.

2.3 Characterization Techniques

Phase identification of both as-milled powders and
sintered compacts was performed by X-ray diffraction
(XRD) using a JEOL JDX-3530M diffractometer with
Cu-Ka radiation.

Thermal behavior of the mechanically alloyed
powders was studied by differential thermal analysis
(DTA) using a TA Instruments Q600 up to 1200 °C
under flowing argon.

Sintered specimens were ground with progressive
SiC papers, polished to a mirror finish, and chemically
etched for 10 seconds in a reagent composed of 30 ml
HNO:s (1.40 M), 10 ml HF (40%), and 60 ml distilled
water [10]. Microstructural observations and fracture
surface analysis were conducted using a TESCAN Mira
3-XMU field-emission scanning electron microscope
(FE-SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS).

2.4 Mechanical and Density Measurements

Compressive tests were performed on rectangular
specimens (2 x 2 x 5 mm?) using a Shimadzu AG-X
universal testing machine at a constant strain rate of 1.5
x 10*s™

Vickers microhardness (HV) was measured with an
Akashi MVK-E tester under a 1 kgf load (9.81 N);
reported values are averages of at least ten random
indentations on polished surfaces.

Figure 1. illustration of the mechanical alloying process in a
planetary ball mill.

Bulk density was determined by the Archimedes
method using ethanol (density 0.789 g/cm®) as the
immersion medium. Experimental density (p.c) was
calculated as:

PaC = (m X py) / (M, - Mar) (1)

where m is the mass in air, m, is the mass suspended
in ethanol, and p; is the density of ethanol. Total porosity
(n) was calculated as:

N (%) = [(ph — pac) / ph] x 100 )

where ph represents the theoretical density
computed by the rule of mixtures for equimolar
compositions. This approach is widely accepted for
evaluating densification and residual porosity in
powder-metallurgy-processed components [11,12].
3. RESULTS AND DISCUSSION

3.1 X-ray Diffraction Analysis

XRD patterns confirmed that a body-centered cubic
(BCC) structure dominated in all investigated alloys,
consistent with numerous reports on biomedical high-
entropy alloys (Bio-HEAs). While some studies
describe single-phase BCC solid solutions others
observe dual BCC phases without intermetallic
formation. Intermetallic compounds have also been
frequently reported in similar compositions (Zyka et al.,

2015).

After 40 h of mechanical alloying (Figure 2a—c),
dual BCC structures (major + minor) formed without
detectable intermetallics. Sintering significantly
intensified the primary BCC peaks and triggered the
emergence of secondary phases (Figure 2d—f):

- TiZrNbFeV (post-sintering): dominant BCC +

minor HCP

- TiZrNbFeCr and TiZrNbCrV (post-sintering):

dominant BCC + minor HCP + two distinct
intermetallic phases

Elemental composition strongly influences phase
evolution, yet processing route and especially post-
sintering cooling profile exert far greater control. The
extremely slow furnace cooling (~1 °C/min) allowed
prolonged exposure to temperature ranges favoring
precipitation, markedly increasing HCP and
intermetallic fractions compared to the as-milled state.

Previous works using spark plasma sintering (SPS)
similarly reported enhanced intermetallic formation,
while slow cooling of Ti-containing multi-principal-
element alloys typically promotes HCP phase
appearance. The present slow cooling regime
consistently produced minor HCP in all three alloys and
triggered two additional intermetallics in TiZrNbFeCr
and TiZrNbCrV (Todai et al., 2017).

3.2 Differential Thermal Analysis (DTA)

DTA curves of the 40 h milled powders (Figure 3)

revealed:

- Room temperature to ~250 °C: clear
endothermic event attributed to PCA
evaporation and desorption of trapped gases.

- ~250-1000 °C: predominantly exothermic
behavior arising from recovery,
recrystallization,  strain  relaxation, and
especially stable/intermetallic phase formation.
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- Derivative DTA plots (Figure 4—6) provided
higher resolution of events between 250 and
1000 °C:

- TiZtNbCrV  (Figure 4): multiple intense
peaks/valleys (408, 448, 485, 504 °C) — highest
phase-formation activity.

- TiZrNbFeCr (Figure 5): single prominent valley
at 474 °C — simpler transformation sequence.

- TiZrNbFeV (Figure 6): very weak valleys (453,
491 °C) — lowest secondary-phase activity.

The complexity of derivative curves directly
correlated with post-sintering XRD results: higher peak
density — greater secondary-phase fraction. The
selected sintering temperature (1150 °C) successfully
surpassed intense exothermic zones, but slow
subsequent cooling provided sufficient time for
unwanted HCP and intermetallic precipitation. Faster
cooling (quenching or accelerated furnace cooling) is
recommended to suppress these phases.

3.3. Thermodynamic and Kinetic Parameters

Phase-predicting parameters (VEC, 8, AHmix, ASmix,
Q, Mo.g, etc.) were calculated using as-milled XRD data
(before secondary phases appeared due to slow cooling).
Among them, VEC and Q showed the strongest
agreement with experimental phase constitution,
confirming their reliability for predicting BCC stability
in mechanically alloyed TiZrNb-based systems.

3.4. Density, Porosity, Microhardness, and
Compressive Properties

Compressive engineering stress—strain curves are
presented in Figure 7; extracted data.

TiZrNbCrV delivered the best overall performance:

- Young’s modulus: 24.8 GPa

- 0.2% offset yield strength: 874 MPa

- Ultimate compressive strength: 1055 MPa

- Hardness: 361 HV

Despite lower absolute strength than many cast
counterparts [11, 26-30], the combination of high
strength, extremely low modulus, and controlled
porosity is highly favorable for load-bearing implants. A
biomechanical efficiency function i = Usew / (E X Eéone)
showed TiZrNbFeCr achieved the highest value among
the three alloys due to optimal balance between energy
absorption and modulus reduction induced by moderate
porosity.

H/E and H*/E? ratios ( indicators of wear resistance)
were highest for TiZrNbCrV, suggesting superior
potential for articulating implant surfaces.

Lower strength than cast alloys primarily stems from
insufficient interparticle bonding at the relatively low
sintering temperature and residual porosity, both
inherent to powder metallurgy routes.

In summary, TiZrNbCrV demonstrated the optimum
combination of phase stability, microstructural
homogeneity, mechanical strength, low elastic modulus,
and fracture resistance, establishing it as the most
promising composition among the studied alloys for
load-bearing orthopedic implants.
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Figure 2. XRD patterns of the investigated alloys: (a) TiZrNbFeCr
after 40 h mechanical alloying, (b) TiZtNbFeV after 40 h mechanical
alloying, (c) TiZrNbCrV after 40 h mechanical alloying, (d)
TiZrNbFeV after sintering, (e) TiZrNbFeCr after sintering, (f)
TiZrNbCrV after sintering.
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Figure 3. Differential thermal analysis (DTA) curves of the
TiZrNbCrV, TiZrNbFeCr, and TiZrNbFeV powders after 40 hours of
mechanical alloying.
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Figure 4. Derivative DTA curve of the TiZrNbCrV powder after 40
h mechanical alloying, showing two distinct exothermic peaks at 408
°C and 485 °C and two endothermic valleys at 448 °C and 504 °C —
indicating the highest number and intensity of phase-formation
reactions among the three alloys.
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Figure 5. Derivative DTA curve of the TiZrNbFeCr powder after 40
h mechanical alloying, exhibiting only one prominent valley at 474
°C — reflecting a comparatively simpler phase-transformation
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Figure 6. Derivative DTA curve of the TiZrNbFeV powder after 40
h mechanical alloying, displaying two very shallow valleys at 453
°C and 491 °C — corresponding to the least active behavior with
respect to secondary-phase formation.
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Figure 7. Room-temperature engineering compressive stress—strain
curves of the sintered alloys.

4. CONCLUSION

In the present study, three biocompatible high-
entropy alloys based on TiZrNb with nominal
compositions of TiZrNbCrV, TiZrNbFeCr, and
TiZtNbFeV  were successfully fabricated using
mechanical alloying followed by spark plasma sintering.
Phase stability and mechanical behaviour were found to

be strongly influenced by the substitution of chromium,
iron, and vanadium. Among the investigated
compositions, the TiZrNbCrV alloy exhibited the
optimum combination of properties, owing to its highest
volume fraction of BCC phase, minimal presence of
secondary HCP and intermetallic phases, and the lowest
porosity level (11.3%). This alloy achieved a
compressive strength of 1055 MPa, Vickers hardness of
361 HV, and a remarkably low Young’s modulus of 24.8
GPa, making it the best-performing composition in this
series. The combination of reduced elastic modulus and
controlled porosity renders this material highly
promising for load-bearing bone implant applications.
Overall, the findings demonstrate that the TiZrNbCrV
composition offers the most favourable balance of phase
stability, microstructural homogeneity, and mechanical
performance among the studied alloys, positioning it as
the most suitable candidate for the development of next-
generation load-bearing biocompatible materials.
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. Equimolar

. Planetary ball mill

. Process control agent — pca

. Cold welding

. Furnace cooling

. Oxidation-prone elements

X-ray diffraction

. Differential thermal analysis — dta
. Grinding
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1. revelation of microstructure

2. Field-Emission Scanning Electron Microscope — FE-SEM
3. Energy-Dispersive X-ray Spectroscopy — EDS

4. Archimedes’ drainage method

5. rule of mixtures

6. Spark Plasma Sintering — SPS
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1. fast cooling or fast quenching
2. Derivative DTA

3. stress relief

4. phase formation
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1. Quenching

2. Fast furnace cooling

3. Valence electron concentration
4. Atomic size difference

5. Molybdenum equivalent

6. Diffusional transformation range
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. multiphase region

. solid solution + intermetallics

. compressive test

. insufficient metallurgical bonding
. residual porosity

. stress concentration
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1. efficiency function
2. elastic strain to failure

3. resistance to plastic deformation
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