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Abstract: The quest to reduce fuel consumption and environmental pollution in the transportation sector has heightened
the demand for developing lightweight alloys with enhanced mechanical properties. Accordingly, this study focused on
optimizing the mechanical properties of a lightweight Tiss(AICrNbV),sZr; medium entropy alloy (MEA) by strategically
adjusting its Al, Cr, Nb, and V elemental contents. Hardness testing indicated a strengthening ability hierarchy of Cr > Al
>V > Nb. Furthermore, tensile tests revealed that although a high Cr content significantly enhances strength, it also
reduces the ductility of an MEA. Drawing on mechanical insights gained from a previously studied TigoAl1oCrioNboV1o
MEA and the present findings, a novel TigAl1cCrsNboVeZr; (Ti60Zr7) MEA was developed. This new alloy retains a
single body-centered cubic structure and demonstrated exceptional mechanical performance in tensile testing, with a
yield strength of 1066 MPa and 22% ductility. The Ti60Zr7 MEA underwent a series of thermomechanical treatments,
including 50% hot rolling, 80% cold rolling, and rapid annealing up to 800 °C at a rate of 25 °C/s. After thermal
processing, the Ti60Zr7 MEA not only preserved its single body-centered cubic structure but also achieved a remarkable
combination of yield strength (>1200 MPa) and ductility (measured as >15% elongation). These advancements

underscore the alloy’s considerable potential for application in sports equipment and transportation vehicles.
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INTRODUCTION

In recent decades, the sports goods and
transportation industries have increasingly demanded
lightweight materials such as Al, Ti, and Mg alloys [1].
Ti alloys—known for their high strength, toughness,
and excellent corrosion resistance—are widely used in
structural material and bioimplants. Traditional alloy
design, however, encounters a limitation: An alloy with
a high proportion of solute elements tends to
precipitate intermetallic compounds during deformation,
leading to brittleness [2]. This consequence limits the
properties of the traditional alloy and restrict the range
of the alloy design [3, 4]. Therefore, innovative alloy
designs that transcend traditional concepts are
essential.

Related studies have focused on Ti-rich high
entropy alloys (HEAs) and medium entropy alloys
(MEAs) [5, 6]. These novel alloys maintain the
individual features of their component elements and
also expand the range of microalloying beyond the tra-
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ditional alloy design parameters [7-9]. HEAs and MEAs
are characterized by structures primarily composed of
simple solid solutions and thus eschew the formation of
complex phases or intermetallic compounds [10, 11]. In
addition, they exhibit enhanced thermal stability and
mechanical properties compared with commercial
alloys, highlighting their industrial applicability [12, 13].
Moreover, the distinctive so-called cocktail effect of
HEAs and MEAs both simplifies and enhances alloy
modification [14-16]. The development of Ti-rich HEAs
and MEAs is advancing; some variants even
demonstrate superior properties to traditional materials,
suggesting their potential to replace commercial
materials in future applications [17, 18].

To further enhance the mechanical properties of an
alloy, thermomechanical treatment (TMT) is essential
to modify the alloy’s structure and augment its strength
and ductility [19-22]. Hot working techniques can refine
the grain size of the alloy and eliminate defects from
casting, whereas cold working accumulates strain
energy, which provides the necessary energy for
recrystallization during annealing. Additionally, rapid
thermal processing is conducted [23-24]; this process,
which involves high-temperature but brief annealing,
yields significantly smaller recrystallized grains
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compared with conventional annealing and thus
enhances the overall mechanical properties of the alloy
through grain boundary strengthening.

The present study extended previous research
regarding a Tigs(AICrNbV)2sZr; MEA [18] by adjusting
the combination of Al, Cr, Nb, and V elements to
determine the strengthening ability of each element in
this MEA. The aim was to develop a modified alloy
composition for a novel Ti-rich MEA with optimum
as-cast mechanical properties. The novel Ti-rich MEAs
were subjected to a hot rolling process with a 50%
reduction and a cold rolling process with a 70%
reduction (HR50CR70) followed by rapid annealing to
further enhance the mechanical properties. The
primary objective of this study was to develop a
lightweight Ti-rich MEA (approximately 5 g/cm?’) with a
combination of high yield strength (1200 MPa) and high
ductility (15 %).

EXPERIMENTAL PROCEDURE

Materials

As mentioned, this study employed a previously
studied Tigs(AICrNbV)sZr; MEA, known for its
impressive mechanical properties, as its base alloy.
The objective was to fine-tune the elemental contents
of Al, Cr, Nb, and V and evaluate these elements’
individual strengthening effects on the Ti-rich MEA. Six
variations of Ti-rich MEAs were designed:
TigsAlLCr,Nb, V.Zr7 (X, y, z, w: 4, 4, 10, 10), including
Ti65A|10CF10Nb4V4Zr7 (AHOCM 0), Ti55A|1QCF4Nb10V4Zr7
(A|10Nb10), Tis5A|1on4Nb4V1oZr7 (A|10V10),
Ti65A|4CF10Nb1oV4Zr7 (Cr1 0Nb10), Ti55A|4CF1QNb4V1oZr7
(Cr10V10), and Ti65AI4Cr4Nb10V1OZr7 (Nb10V10)
Master alloys were fabricated through arc-melting
using high-purity raw materials (Al [99.99%], Ti
[99.99%], Nb [99.99%], Cr [99.99%], V [99.9%], and Zr
[99.99%]) in an argon atmosphere with Ti-getter to
prevent oxidation. Each master alloy was melted
initially and then remelted three times to ensure
compositional homogeneity. Subsequently, the alloys
were drop-cast into ingots measuring 50 mm (length) x
20 mm (width) x 10 mm (thickness).

Thermomechanical Treatment

Initially, the aforementioned ingots underwent
homogenization at 1000 °C for 2 h in a high-vacuum
atmosphere (107° mbar) followed by rapid water
quenching to prevent segregation. Subsequently, the
homogenized ingots were hot-rolled at 1000 °C with a
50% thickness reduction; this process was followed by
cold rolling at room temperature with a 70% thickness
reduction (HR50CR70). The deformed specimens then

underwent rapid annealing (heating rate: 25 °C/s) at
multiple temperatures in a high-vacuum atmosphere
(10'6 mbar) to modify the microstructure and improve
the mechanical properties of the alloy.

Microstructure Characterization

The density of each MEA was measured using
Archimedes’ principle. In addition, X-ray diffraction
(XRD; D2, Bruker, Billerica, MA, USA) was performed
with Cu-Ka radiation. The morphology was observed
using optical microscopy (OM; BX51M, Olympus,
Tokyo, Japan) and electron backscatter diffraction
(EBSD; HKL Channel 5, Oxford Instruments, Hobro,
Denmark). For XRD analysis, the samples were ground
using silicon carbide sandpaper from #80 to #2000 grit.
For OM, the samples were polished with 1, 0.3, and
0.05 pm Al,O3 suspension liquid. Finally, for EBSD, the
samples underwent electropolishing.

Mechanical Testing

The hardness of each MEA was measured using a
Vickers hardness tester (HV-115; Mitutoyo, Kawasaki,
Japan) with a 5-kg load for 10 s. The tensile properties
were analyzed using a universal testing machine
(HT9102; Hung Ta, Taichung, Taiwan) under
quasistatic loading at a strain rate of 1 x 10" s™. For
hardness testing, the samples were ground using
silicon carbide sandpaper from #80 to #2000 grit.
Tensile testing samples with a gauge dimension of 5
mm (length) x 2 mm (width) x 1.5 mm (thickness) were
then fabricated.

RESULTS AND DISCUSSION

This study was divided into two primary parts. The
first part involved fine-tuning the composition of the
previously researched Tigs(AICrNbV)sZr; MEA to
identify the strengthening effects of Al, Cr, Nb, and V
on the MEA. The second part focused on developing a
novel Ti-rich MEA composition and applying TMT to
improve this alloy’s mechanical performance.

Identifying the Strengthening Abilities of Al, Cr, Nb,
and V With Respect to the MEAs

Despite variations in the proportions of minor
elements across the Ti-rich MEAs, the MEASs’
configuration entropy uniformly remained at 9.85
because of the 4-4-10-10 configuration of these
elements. This entropy value categorized them as
MEAs, as illustrated in Table 1. The atomic size
differences (6) among these alloys were calculated
using Equation (1) [25]:

6 = 100\/Z?=1 Ci(l —Ti/r_)z (1)
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Table 1: The Parameters of the as-Cast TigsAlxCryNbVwZr7 (x, y, z, w: 4, 4, 10, 10) MEAs

Composition AS (kJ. mol™) 6 (%) Lattice Constant (A)

AI10Cr10 9.85 4.99 3.230

AI10Nb10 9.85 3.99 3.274

AI10V10 9.85 4.47 3.251

Cr10Nb10 9.85 4.98 3.254

Cr10V10 9.85 5.33 3.219

Nb10V10 9.85 4.45 3.263
where 7=, ¢r; and where ¢; and r; represent *BCC
the atomic fraction and atomic radius of the ith element, 1
respectively. The atomic size difference across all the Nb10V10 L 2 2
MEAs was approximately 5%, which was conducive to ~ |Cr1iovio l R R
the formation of a single solid solution structure, as :; ‘
indicated in Table 1. E |

The densities of the as-prepared MEAs were % Al10V10 l

measured using Archimedes’ principle and were found E Al10Nb10 ‘L .
to be similar to their corresponding theoretical densities
calculated using the mixing rule [18], as presented in Al10Cr10 J .
Table 2. The densities of these Ti-rich MEAs were L " L L L
approximately 5 g/cm®; this result aligned with the 20 30 40 S0 60 70 80
present study’s goal of creating lightweight materials. 20 (Dregee)
However, an increase in the proportion of he-avier Figure 1: The XRD pattems of the as-cast
elements such as Cr and Nb resulted in a TissALCr,NbVuZr7 (x, v, z, w: 4, 4, 10, 10) MEASs.
corresponding slight increase in the overall density of
the Ti-rich MEAs. Regarding mechanical testing, the results of

The XRD results revealed that all the series MEAs
exhibited the peaks characteristic of a body-centered
cubic (BCC) structure, as illustrated in Figure 1. The
approximately 5% atomic size difference supported the
formation of a solid solution structure. Furthermore,
notable shifts in the diffraction peaks were observed.
An increase in the proportion of elements with a larger
atomic radius, particularly Al and Nb, caused a leftward
shift of the diffraction peaks, indicating an increase in
the overall lattice constant of the MEAs.

hardness and tensile tests are summarized in Table 3.
Alloys containing higher concentrations of Al and Cr
more clearly exhibited enhanced hardness compared
with other studied MEAs, with the AI10Cr10 alloy
exhibiting the highest hardness. However, the
Al10Cr10 alloy also exhibited excessive brittleness,
resulting in negligible plasticity during tensile testing.
Conversely, the alloys with high proportions of Nb and
V exhibited lower hardness but higher ductility. Overall,
based on the obtained hardness and tensile testing
data, the strengthening abilities of the minor elements
were ranked as Cr > Al > V > Nb, as presented in
Figure 2.

Table 2: The Density of the as-Cast TigsAlxCryNb;VwZr7 (x, y, z, w: 4, 4, 10, 10) MEAs

Composition Theoretical Density (g/cm®) Measured Density (g/cm®) Error (%)
AI10Cr10 4.98 4.91 1.40
AI10Nb10 5.06 5.14 1.58
AI10V10 4.92 5.04 243
Cr10Nb10 5.34 5.28 1.12
Cr10v10 5.19 5.17 0.38
Nb10V10 5.27 5.28 0.19
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Table 3: The Hardness and Tensile Mechanical Properties of the as-Cast TigsAlxCryNb:VwZr7 (x, y, z, w: 4, 4, 10, 10)

MEAs
Composition Hardness (HV) Yield Strength (MPa) Ultimate Strength (MPa) Ductility (%)
Al10Cr10 371+8 Rupture
AI10Nb10 318+5 959 + 17 1068 + 25 23 +1
Al10V10 33317 1035+ 4 1078 £ 15 12+3
Cr10Nb10 328+7 987 +3 1082 + 1 9+1
Cr10Vv10 339+2 1030 + 14 1079 + 18 4+1
Nb10V10 292+5 850 + 16 1008 + 29 19+1
Remarks: The Al10Cr10 broke before passing the yielding point.
Cr @ 371 HV AINb @ 318 HV
Nb * 318 HV Cr>V>Nb CrNb : 328 HV Cr>Al>V
V 333 HV NbV : 292 HV
AlCr @ 371 HV AlV 1 333 HV
CrNb @ 328 HV |[|Al>V >Nb CrV 1 339HV | |Cr>Al>Nb
CrV 1 339HV NbV : 292 HV

Strengthening ability of the minor element : Cr > Al >V > Nb

Figure 2: The hardness comparison of the as-cast TigsAlxCryNb,VwZr7 (X, y, z, w: 4, 4, 10, 10) MEAs.

Exploration of Novel Ti-rich MEAs

Drawing from insights in our previous study [17],
observations in the present study indicated that a
higher concentration of Ti in Ti-rich MEAs typically
leads to a reduction in their strength. However, adding
V content not only enhances the ductility of an MEA but
also maintains its strength level [18]. The present study
found that a high Cr content significantly improves
strength but drastically reduces the ductility of an MEA.
Accordingly, on the basis of these insights, a novel
Ti-rich MEA, namely Ti60A|1QCF4Nb10V92r7 (TIGOZr?),
was developed. The density of the Ti60Zr7 MEA is
approximately 5.16 g/cm3, which qualifies it as a
lightweight material. Moreover, the Ti60Zr7 MEA
maintains a simple BCC solid solution structure, as
presented in Figure 3.

To compare the mechanical properties of as-cast
Ti-rich MEAs from the present study and relevant
studies, results related to the hardness and tensile
properties of Ti60Zr7 and earlier Ti-rich MEAs are
listed in Table 4. The as-cast Ti60Zr7 MEA exhibits an

excellent combination of yield strength and ductility,
achieving a yield strength of 1066 MPa with 23%
ductility. This performance surpasses those of MEAs in
relevant studies [17, 18, 26], as illustrated in Figure 4.

eBCC M

Intensity (a.u.)

20 30 40 50 60 70 80
20 (Degree)

Figure 3: The XRD patterns of the as-cast Ti60Zr7 MEA.
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Table 4: The Hardness and Tensile Mechanical Properties of the as-Cast Ti60Zr7 MEAs and Previous Studies

Composition Hardness (HV) Yield Strength (MPa) Ultimate Strength (MPa) Ductility (%)
Ti65 323+5 954 + 19 1136 + 26 202
Ti60AI8 321+2 920+ 8 1146 £ 15 29 +1
Ti65Ni3 355+7 1065 + 3 1230 £ 40 18+2
Ti65Zr7 331+4 1015 + 26 1170 £ 14 22+2
Ti60Zr7 350+7 1066 + 3 1186 + 33 23+2
1150
= 1100
& e
E Ti65Ni3 A & Ti60Zx7
= 1050
= ey
T 1000f o
=
ot .
2 950F m Ti6s Tios m
= e Ti60AIS ® Ti60AI8
= 200F A Ti65Ni3
o= Ti65Z17
8501 o Ti60Zr7
800 L Il Il 1 Il L
0 5 10 20 25 30 35 40

Ductility (%)

Figure 4: Comparison of yield strength and ductility for the as-cast Ti60Zr7 MEA to the previous studies.

To further enhance the mechanical properties of the
Ti60Zr7 MEA, TMT and rapid annealing were
conducted in the present study. The alloy was
homogenized at 1000 °C for 2 h and was hot-rolled to
50% reduction to counteract compositional
inhomogeneity due to casting. Then, the alloy was
cold-rolled by 80% (HR50CR80) to accumulate strain
energy for subsequent recrystallization. The final step
involved rapid annealing at temperatures of 650, 700,
750, and 800 °C with a heating rate of 25 °C/s.

Figure 5 displays the XRD results for the as-rolled
and annealed samples. Notably, all the samples
retained a single BCC structure, evident in the as-rolled
and annealed states. This outcome indicates that the
Ti60Zr7 MEA exhibits high solid solution phase stability.
During the annealing process, observations revealed
the onset of sample recrystallization at 750 °C
accompanied by an escalation in the degree of
recrystallization correlating to rising annealing
temperatures, as illustrated by the OM and EBSD
images presented in Figure 6 and Figure 7.

+BCC

g
A’
_ .
: L
<
N’
=
7)) A
2 |700°C
= A
650°C A
as-rolled L

20 30 40

50 60 70 80

20 (Degree)

Figure 5: The XRD patterns of HR50CR80 Ti60Zr7 MEA with different annealing temperatures.
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Figure 6: The OM images of HR50CR80 Ti60Zr7 MEA with different annealing temperatures. (A) 650°C; (B) 700°C; (C) 750°C;

(D) 800°C.

Figure 7: The EBSD images of HR50CR80 Ti60Zr7 MEA with different annealing temperatures. (A) 650°C; (B) 700°C; (C)

750°C; (D) 800°C.

After undergoing 80% cold rolling, the as-rolled
sample exhibited its highest strength, namely 1543
MPa, but also showed reduced ductility by 5%. As the
annealing temperature increased, the yield strength
evidently decreased and the ductility significantly
increased, as illustrated in Figure 8 and Table 5,
respectively. The optimal balance of yield strength and

ductility was achieved in the sample annealed at
700 °C. In summary, the Ti60Zr7 MEA, subjected to
HR50CR80 processing and annealed at 700 °C with a
rapid heating rate of 25 K/s, demonstrated excellent
synergy of mechanical properties. The yield strength
exceeded 1200MPa, and ductilty of 15% was
demonstrated.
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Figure 8: The mechanical tensile stress—strain curves of HR80CR80 Ti60Zr7 MEA with different annealing temperature.

Table 5: Tensile Mechanical Properties of Ti60Zr7 MEAs with Different Annealing Temperature

Composition Yield Strength (MPa) Ultimate Strength (MPa) Ductility (%)
as-rolled 1543 + 64 1598 + 57 5+3
650°C 1330 £ 37 1416 + 36 11+£2
700°C 1212+ 23 1313+ 15 15+ 1
750°C 1123+ 18 1254 £ 10 17 £1
800°C 1073 £ 16 1233+ 10 22+2
CONCLUSION namely Ti60A|10CI'4N b1oVeZr; (TIGOZF?) The

In this study, a series of alloy compositions of Ti-rich
MEAs, specifically TigsAlCr,Nb, V.Zr7 (X, y, z, w: 4, 4,
10, 10), was investigated to ascertain the strengthening
capabilities of minor elements. Subsequently, this
study, using insights gained from previous studies,
developed a novel Ti60Zr7 MEA. The key findings and
conclusions are summarized as follows:

1. The TigsAlCr,Nb,V,Zr; and Ti60Zr7 MEAs
exhibited a single BCC structure. However, the
addition of Cr and Nb increased the alloy’s
density, which ranged from 4.98 to 5.34 g/cm3.

2. An analysis of hardness and tensile testing data
for the nonequiatomic TigsAlCr,Nb,V,Zr; MEAs
revealed the following hierarchy in the
strengthening ability of elements: Cr > Al >V >
Nb. Notably, a high Cr content significantly
improved strength but markedly reduced the
ductility of the MEAs.

3. This study leveraged knowledge gained from
previous studies and the current level of
understanding of the strengthening effects of
minor elements to develop a novel Ti-rich MEA,

density of the Ti60Zr7 MEA was approximately
5.16 g/cm®, which confirmed its status as a
lightweight material.

4, The as-cast Ti60Zr7 MEA exhibited an excellent
combination of yield strength and ductility.
Specifically, it achieved a yield strength of 1066
MPa with 23% ductility and thus surpassed the
performances of previously developed Ti-rich
MEAs documented in related studies.

5. Overall, the Ti60Zr7 MEA, processed using
HR50CR80 and annealed at 700 °C with a rapid
heating rate of 25 K/s, demonstrated an
excellent combination of mechanical properties.
It achieved a yield strength of over 1200 MPa
and ductility of 15%.
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