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ARTICLE INFO ABSTRACT

Keywords: This paper focuses on the mechanical properties and fracture behavior of newly developed body-centered-cubic-
High entropy alloy structured TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr high entropy alloys (HEAs) under impact loading as part of
Fracture an effort to evaluate their potential utility as implant materials. The experimental findings showed all three Ti-
;T,Faa:&;zszﬂonse based HEAs have lower Young’s modulus as compared to the conventionally used implant materials. Fractog-
TiTaHfMoZr raphy analysis revealed that the TiTaHfNb HEA demonstrated significant ductility with the highest energy ab-
TiTaHfNb sorption capacity, while the TiTaHfNbZr and the TiTaHfMoZr alloys exhibited mixed mode fracture with

relatively low ductility. Specifically, the reduction of ductility and energy absorption capacity under impact
loading was attributed to the addition of Zr and Mo into Ti-based HEA system, which facilitates formation of
additional dislocations in the microstructure due to increased lattice distortion. The current findings demonstrate
that, from a mechanical point of view, the TiTaHfNb HEA could be considered as an alternative implant material
for applications demanding high wear and corrosion resistance, such as hip or knee implants, and thus, warrant
further investigation of the biomedical performance of this alloy.

1. Introduction

Metallic materials are extensively used in biomedical applications to
support failed tissue in orthodontic and orthopaedic applications owing
to their superior mechanical properties [1-4]. As compared to other
biomedical metallic materials, such as stainless steel and Co-based al-
loys, Ti-based alloys have attracted considerable attention owing to their
excellent biocompatibility combined with high strength, good corrosion
and wear resistance, and relatively lower elastic moduli [2,5-7]. Spe-
cifically, the Ti-6Al-4V alloy is widely used as a common Ti-based
biomedical material. However, concerns on toxicity and mechanical
biocompatibility surrounding this alloy have led to the search for
alternative materials [8-10]. In particular, Ti-6A1-4V contains V and Al
that can damage the nervous system if released into the blood stream in
long-term applications, and elastic modulus mismatch between the bone
and the Ti-6A1-4V implant can lead to tissue loss, implant loosening or
prostheses failure [3,5,11-17]. Therefore, nontoxic alloys with low
elastic moduli have been developed to obtain enhanced biocompati-
bility, including Ti-6Al-7Nb, Ti-15Mo-3Nb, Ti-13Nb-13Zr,
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Ti-15Sn-4Nb-2Ta-0.2Pd, Ti-16Nb-10Hf, and Ti-Nb-Ta-Zr (TNTZ)
system alloys, such as Ti-35.3Nb-5.1Ta-7.1Zr and
Ti-29Nb-13Ta-4.6Zr [10,18-24]. Among these alloys, the TNTZ alloys
stand out since all their constituent elements individually exhibit
biocompatibility, and the alloys possess lower elastic moduli as
compared to the Ti-6Al-4V alloy, resulting in improved fatigue and
fracture characteristics in biomedical applications [25-27].

Fracture is an important consideration for implant materials, and it is
strongly influenced by the microstructure [28-30]. The main concerns
regarding the fracture of the implants revolve around the defects in the
design and manufacturing processes, non-passive fit of the superstruc-
ture leading to unstable forces within implant-bone interfaces, and
biomechanical and physiological loading factors [28,29,31]. Despite
definitely having an influence, material defects such as porosity are not
the main causes of fracture, yet the loading usually dictates the fracture
response quite significantly [28,29,32]. Therefore, a non-passive fit may
create an extra stress on an implant and bone, facilitating implant
fracture [29,33]. Moreover, an adequate prosthesis design is a require-
ment to eliminate undesirable forces, and obtain effective durability
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under irregular loading [28,29]. Thus, an implantable material ideally
must be ductile, easy to be formed according to the desired design of an
implant, and at the same time, rigid enough to withstand the applied
loading. In essence, implant materials have to satisfy a large set of
specific requirements, such as high corrosion resistance, high toughness
and fracture resistance, in order to withstand possible degradation in
aggressive environments and irregular loading that might be inevitable
due to specific movements of the human body [4,6,7].

While numerous studies have been carried to develop conventional
biomedical alloys with certain microstructures to satisfy the aforemen-
tioned demands, a new class of metallic materials, namely the high
entropy alloys (HEAs), have recently come into focus [34,35], some of
which also constitute ideal candidates for utility in biomedical appli-
cations. The HEAs can have exceptional mechanical properties such as
high strength and toughness [36-46], excellent corrosion resistance
[46-48], high fracture toughness [49,50] and high thermal stability [38,
46,51] brought about by their multi-principal elements leading to a high
configurational entropy and thereby forming a single stable solid phase
[37,47,52]. Indeed, certain HEAs exhibit good biocompatibility owing
to their high corrosion resistance and protective oxide layer formation
on the surface in aggressive environments [53-59].

In an effort to enhance the mechanical compatibility with the bone
tissue, several HEAs with body centered cubic (BCC) structures have
been developed containing early transition elements, such as Ti, Hf, Nb,
Zr, Mo and Ta, in order to obtain high strength and ductility, low elastic
modulus, improved fracture resistance and hardness, and thereby
eliminate problems due to the loss of bone integrity that can cause
sudden failure of an implant, and mechanical insufficiencies during
service life [29,30,60-62]. The newly developed HEAs that consist of the
early transition elements such as TiNbTaZrMo [26,61,63] showed
excellent biocompatibility as compared to pure Ti and the Ti-6Al-4V
alloy, and superior mechanical properties such as high strength and high
workability have been obtained in HEAs such as TaNbHfZrTi that
contain transition elements [43,59-61,64-68]. Moreover, some studies
on HfNbTaTiZr, HfMoTaTiZr and HfMoNbTaTiZr systems revealed their
high strength and ductility with relatively low elastic moduli [60,69,
70]. These alloys also seem promising due to their non-toxic
constituents.

Considering the previous promising results reported on HEAs based
on early transition elements, three derivatives of TiTaHf-based HEAs,
namely TiTaHfNb, TiTaHfNb and TiTaHfMoZr, which contain only non-
toxic transition elements, were developed in the present study. Despite
the fact that a few previous studies evaluated Ti-based HEAs [59,63-66,
69-711], there is a lack of information about their fracture mechanisms in
the case of a sudden failure, such as under impact loading, which is very
much relevant to their utility as implants. In order to fill this gap and
help evaluating the potential of these selected Ti-based HEAs as implant
materials from a mechanics point of view, the focus was placed on the
mechanical properties and qualitative evaluations of fracture response
of the bee-structured TiTaHfNb, TiTaHfNbZr, and TiTaHfMoZr HEAs at
298 K under impact loading. With this purpose, TiTaHfNb, TiTaHfNbZr
and TiTaHfMoZr HEA samples were subjected to Charpy impact and
nano-indentation tests, and thorough pre- and post-mortem micro-
structure analyses were performed utilizing X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The findings presented in this
paper show that TiTaHfNb, TiTaHfNbZr, and TiTaHfMoZr HEAs have
good mechanical properties and significant fracture resistance. Specif-
ically, the TiTaHfNb alloy exhibited superior fracture toughness, and
addition of Zr and Mo decreased the energy absorption capacity of the
Ti-based HEA system. In addition, while the TiTaHfNb exhibited mostly
ductile behavior, the TiTaHfNbZr HEA exhibited brittle and ductile re-
gions evidencing a mixed fracture mode. Overall, the current findings
indicate that these three Ti-based HEAs exhibit promising mechanical
response for utility in implant applications, warranting further elabo-
ration on their mechanical and biocompatible response.
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2. Experimental procedures

In the present study, HEAs with a purity of 99.9% were produced by
arc melting: the TiTaHfNb HEA was composed of 50 wt% Ti, 16.67 wt%
Ta, 16.67 wt% Hf and 16.67 wt% Nb, whereas the TiTaHfNbZr and the
TiTaHfMoZr compositions were equimolar. The disc-shaped multi-
component alloys with a diameter of 50.1 mm and a thickness of 6.1 mm
were cut by an electrical discharge machine (EDM) to obtain 10 mm x 5
mm X 1 mm bulk samples, and 45 mm x 6 mm x 3 mm impact test
samples with a 1 mm deep notch at the center. The orientation of the
samples with respect to the initially disc-shaped casting is schematically
illustrated in Fig. 1. The samples were tested in as-cast form, and no
further processing was undertaken following the production of the al-
loys by arc melting. The three high entropy alloys were prepared by
melting of pure elements in the arc furnace with argon environment, and
the samples were remelted twice. It should be noted that dimensions of
the V-notch specimens utilized in the impact tests were adjusted to the
test equipment in accord with the Charpy impact test standards [72]
(Fig. 1). Charpy impact testing, also known as the Charpy V-Notch test
(CVN), was performed on the three aforementioned HEAs at 298 K
utilizing a TERCO MT3016 impact tester with a 15 J capacity, followed
by an analysis of fracture surface of the samples carried out on a Zeiss
Ultra Plus field emission SEM (FESEM).

The surfaces of the bulk samples were mechanically ground with SiC
emery papers with coarseness ranging from 106 to 2.5 pm, then polished
with 0.30 pm alumina slurry. Thereafter, the bulk samples were cleaned
ultrasonically with ethanol and rinsed with deionized water. Following
the polishing/cleaning procedure, crystallographic characterization of
the samples was carried out with a Bruker D2 Advanced X-ray diffrac-
tometer (XRD) using a Cu-Ka radiation source. The XRD was operated at
30 kV and 10 mA with an incidence angle of 5°, and the scanning region
ranged from 5° to 90° with a 0.02° increment.

In order to generate the stereoscopic three-dimensional morphology
of the fracture surfaces of the specimens at the micro-scale, a KEYENCE

(a)

| 50.1 mm ‘

21.5 mm
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|

Fig. 1. (a) Schematic showing the dimensions of the as-cast disc-shaped alloys
and the extraction orientations of the bulk (10 mm x 5 mm x 1 mm) and the V-
notch specimens (45 mm x 6 mm x 3 mm), (b) schematic showing the di-
mensions of the V-notch samples.
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super-depth-of-field 3D-dimensional micro system (VHX 1000E; Key-
ence) was used. For transmission electron microscopy (TEM), lamellae
were cut directly from the centers of the deformation zones right un-
derneath the fracture surfaces by means of focused ion beam (FIB) uti-
lizing Ga-ions with a resolution of 2.5 nm and on a Zeiss AURIGA FE-
SEM-FIB double beam system. The TEM analyses were performed on a
JEOL JEM2010 transmission electron microscope with a 200 kV electron
gun.

Mechanical characterization of the bulk HEAs was accomplished by
room-temperature compression experiments and nano-indentation tests.
The compression experiments were carried out on a servo-hydraulic
Instron universal test frame equipped with a digital extensometer; and
the compression samples with dimensions of 4 mm x 4 mm x 10 mm
were deformed at a medium strain rate of 5 x 10 s'. The nano-
indentation experiments were carried out on Agilent G200 tester with a
Berkovich type indenter in load-control mode at a maximum applied
load of 300 mN. The indentation load was applied 15 times per sample
to probe microstructural variation, and each indentation test was per-
formed under a loading/unloading rate of 30 mN with a 10 s hold time at
maximum load before unloading.

Non-destructive micro-scale tomography to detect internal defects of
the as-cast samples was conducted on a ZEISS Xradia 520 Versa X-ray
microscope (XRM). The samples were illuminated through an aperture
in front of the X-ray source. Both the sample absorption and diffraction
information were recorded with a high-resolution detection system. A
beam stop was added to the setup to block out the direct beam and
enhance the contrast of the diffraction signal. The images were obtained
with a voxel size of 3.5 pm, which was suitable for the macro-scale level
samples. The evaluation was performed with the Dragonfly 4.1 software.

3. Results and discussion

The initial microstructural characterization of single-phase
TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs was carried out by
XRD, where the experimental lattice parameters and the corresponding
peak values were calculated using Bragg’s law (Fig. 2). The results
confirmed that the TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs have
a bec structure, and the lattice constants are 3.329 ;\, 3.340 A, and 3.362
A, respectively. These three HEAs are newly developed and there is a
very limited number of studies on their properties, however the peak
values and the lattice parameters are consistent with the literature [43,
60,73-76].

The CVN experiments were performed in order to assess the energy
absorption capacities of TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs,
and reveal their fracture mechanisms under a sudden load. Impact en-
ergy values are provided in Fig. 3, and it should be noted that CVN test
results are reported in Joules instead of impact energy per area since the
data can be affected by the specimen size as sub-sized specimens were
used in this study as required by the particular Charpy impact tester
utilized. As illustrated in Fig. 4, the TiTaHfNb sample exhibited signif-
icantly different behavior, such that it was not completely broken into
pieces, and the test was repeated twice to ensure that the observed
response was not sample specific. The average impact energy was
measured as 14.8 J in the CVN tests of TiTaHfNb. On the other hand,
significantly lower impact energy values were exhibited by TiTaHfNbZr
and TiTaHfMoZr HEAs, namely 0.25 J and 0.1 J, respectively (Fig. 3).
Following the CVN experiments, the surface morphologies of the CVN
samples were analyzed in the SEM to understand the fracture mecha-
nism of the HEAs. The corresponding SEM micrographs from the in-
spection area of the TiTaHfNb HEA (Fig. 5(a)) indicate evidence of
ductile behavior, namely a significant tearing pattern, and a predomi-
nately cup-and-cone type of fracture surface is evident (Fig. 5(b)). On
the other hand, a closer look at the tearing patterns (Fig. 5(c)) reveals
flat surfaces with Chevron marks (Fig. 5(d)) and cleavage facets in
relatively small areas as compared to the ductile zones (Fig. 5(e)).
Consequently, both ductile and brittle fracture modes are active in the
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Fig. 2. XRD results showing the 2¢-scans of the as-cast (a) TiTaHfNb, (b)
TiTaHfNbZr, and (¢) TiTaHfMoZr HEAs.
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Fig. 3. Comparison of the Charpy impact energies exhibited by the TiTaHfNb,
TiTaHfNbZr and TiTaHfMoZr HEAs following the CVN experiments.

TiTaHfNb HEA, as evidenced by the coexistence of cup-and-cone
structures and shiny fracture zones with cleavage facets. It can be
deduced that ductile mode dominates the fracture of TiTaHfNb under
impact loading despite the presence of brittle regions.

In comparison to the TiTaHfNb HEA, the TiTaHfNbZr alloy exhibits a
more complicated fracture surface with coexisting slant and flat regions,
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Fig. 4. The CVN test samples of (a) TiTaHfNb, (b) TiTaHfNbZr, and (c)
TiTaHfMoZr HEAs following the experiment; (d) representative untested CVN
test sample.
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where both dull and shiny surface zones can be macroscopically seen
(Fig. 7). In particular, small and shiny angular facets form in a rock-
candy like morphology (Fig. 7(a)), which can be attributed to inter-
granular crack formations along the grain boundaries, which hints at
brittle failure (Fig. 6(b) and (c)). Moreover, Chevron marks and river
patterns observed on the fracture surface with cavity formations (Fig. 6
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(b)) mainly result from brittle fracture: the red lines in Fig. 6(b) repre-
sent the propagation path of chevron marks that point at the crack
origin, and the blue lines highlight the river lines and cleavage surfaces
near the region that has elongated dimples. Moreover, cracks along
grain boundaries are clearly seen in Fig. 6 with the elevation difference
between the grains, such that the surface appearance indicates rapid
fracture (Fig. 6(b)). Fig. 6(c) demonstrates the significant differences in
the fracture patterns on TiTaHfNbZr, such that there is a transition zone
formation with ladder-like structures between the smooth (left) and the
non-smooth (right) regions. Indeed, a closer look at Fig. 6(d) reveals this
brittle response while the river-like patterns and striations can be
observed in the transition zone, and elongated dimples constitute evi-
dence of shear forces acting on the material during fracture. Specifically,
the lines on the surface of the layered structures are chevron marks, and
the corresponding path is indicated by the arrows in Fig. 6(d). On this
surface both ductile features with small elongated dimples and brittle
ones with chevron marks and ladders can be observed. Moreover, the
fracture surface of TiTaHfNbZr contains brittle and ductile zones
throughout the fracture surface (Fig. 6(e)), and a closer look at these
regions reveals tilt and twist formation due to misorientation between
the adjacent grains [77] on the cleavage zone (Fig. 6(g)),and small
dimples around the grain boundaries due to rapid cracking (Fig. 6(h)), as
well as equiaxed dimples due to shear forces and ductile behavior (Fig. 6
(). Accordingly, despite the fact that the fracture surface of the
TiTaHfNbZr HEA is dominated by cleavage, ductile regions are evident,
including elongated dimples due to tearing process and shear forces. On

Fig. 5. SEM micrographs of TiTaHfNb HEA fracture surface: (a) overview, (b) tearing patterns, and cup-and-cone structures, (c) tearing region, (d) flat surface with
Chevron marks (red lines), and (e) cleavage surface (red circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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the other hand, the elongated dimples are not prevalent on areas larger
than the cleavage surfaces. Thus, one can conclude that the TiTaHfNbZr
HEA also exhibits a mixed fracture mode under impact loading, with the
brittle mode dominating.

In the case of the TiTaHfMoZr HEA, mainly quasi-cleavage fracture
features with flat facets, river patterns and Chevron marks that can be
observed on the fracture surface, indicating a brittle behavior (Fig. 7).
Moreover, both intercrystalline and transcrystalline fracture are facili-
tated with limited crack propagation (Fig. 7(a), (b) and (c)). Tongue
formation, which is a result of small-scale height elevations, can also be
observed (Fig. 7(b)), which can be attributed to twinning [78], where
the twin boundary fracture [79] may lead to the formation of the
ladder-like structures with an elevation difference as illustrated by the
yellow dashed lines in Fig. 7(c). In addition, the ladder-like formations
(Fig. 7(c) and (d)) due to cleavage fracture and striations that are
directed gradually along shear forces (Fig. 7(e)) indicate a rapid frac-
ture. Furthermore, flat regions with striations due to rapid fracture
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Fig. 6. SEM micrographs of the fracture surface of
TiTaHfNbZr HEA: (a) rock-candy-like surface, (b)
inter-crystalline structures, river patterns and ladder-
like structures (red circle), where the red lines repre-
sent propagation of Chevron marks and the blue circles
indicate cavity formations, (¢) smooth and rough re-
gions coexist where the red boundary represents the
transition zone, (d) close-up view of the transition
zone and the rough surface, with river patterns and
elongated dimples, respectively, (e) coexisting ductile
and brittle zones, (f) elongated dimples, (g) cleavage
zone with twist and tilt structures, (h) close-up view of
dimples along grain boundaries, and nano-pores. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this
article.)

dominate the fracture surface of the TiTaHfMoZr HEA (Fig. 7). There-
fore, cleavage fracture dominates the fracture surface of the TiTaHfMoZr
HEA, and the material exhibits a much more brittle behavior than
TiTaHfNb and TiTaHfNbZr with the lowest recorded impact energy of
0.1 J. These findings are also supported by the stereoscopic microscopy
images presented in Fig. 8: the fracture surface of the TiTaHfNb exhibits
mainly cup and cone structures, indicating ductile behavior (Fig. 8 (a)
and (b)), while the flat regions and intergranular cracking with small
dimples on the fracture surface of the TiTaHfNbZr HEA clearly evidence
its mixed fracture mode with higher brittleness (Fig. 8 (c) and (d)). As for
the TiTaHfMoZr alloy, cleavage surfaces were observed under the ste-
reoscopic microscope, supporting the aforementioned brittle response of
this alloy under impact loading (Fig. 8 (e) and (f)).

In order to compliment the impact tests, compression experiments
were also carried out at room temperature (Fig. 9). The results showed
that the TiTaHfNb HEA exhibits a significantly larger toughness as
compared to the other two HEAs despite its lower strength, which stands
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in good agreement with the impact energy comparison provided in
Fig. 3. In addition to compression experiments, the Young’s moduli of
TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr were also measured by nano-
indentation (Fig. 10), and determined as 112.2 GPa, 131.6 GPa and
158.9 GPa, respectively. Even though these values are still far from that
of the bone which is about 30 GPa [11,80], they are significantly lower
as compared to the commonly utilized biomaterials such as 316 L
stainless steel and Co-based alloys with elastic moduli within the
180-210 GPa range [11], offering an enhancement in terms of me-
chanical compatibility with the bone. The nano-indentation tests also
provided the hardness values for the three HEAs studied in Fig. 11,
which were measured as 3.5 GPa for TiTaHfNb, 6.5 GPa for TiTaHfNbZr,
and 6.6 GPa for TiTaHfMoZr. Accordingly, TiTaHfNbZr and TiTaHfMoZr
are almost twice as hard as TiTaHfNb, demonstrating the effectiveness of
Zr and Mo addition as a means of increasing the hardness of Ti-based
HEA system, which can be attributed to solid solution strengthening
[81]1.

Load - displacement curves obtained from the nano-indentation
experiments of the three HEAs are provided in Fig. 10. Accordingly,
the TiTaHfNb HEA exhibits larger ductility as compared to TiTaHfNbZr
and TiTaHfMoZr when all samples were loaded up to 300 mN and then
unloaded. This difference in ductility is the reason for the TiTaHfNb
HEA’s ability to absorb greater energy than TiTaHfNbZr and TiTaHf-
MoZr under impact loading. The addition of Mo and Zr to the Ti-based
HEA system also changes the microstructure while dendritic structures
are evident in TiTaHfMoZr as observed by EDX and BSE (Fig. 12).
Moreover, although some dendrites have also been observed in the
TiTaHfNbZr microstructure (Fig. 13(c)) there is no apparent difference
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Fig. 7. SEM micrographs of fracture surface of the
TiTaHfMoZr HEA: (a) green and blue arrows indicate
intergranular and transgranular fracture, respec-
tively, (b) tongues and river patterns, where the blue
arrow indicates transgranular fracture, (c) twin
boundary fracture, ladder-like structures, and inter-
granular fracture, (d) cleavage surface, and (e) stri-
ations directed along shear. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

in chemical composition between the matrix and the dendrites of this
HEA as opposed to the case of TiTaHfMoZr (Figs. 12 and 13(d)). As
evident from the bright-field microscopy images of TiTaHfMoZr in
Fig. 13 (e)—(g), the cracks propagate through the dendrites but not
within the interdentritic regions. On the other hand, TiTaHfNb has a
homogenous microstructure without dendritic regions (Fig. 13 (a) and
(b)), and thus it exhibits more stability against cracking (Fig. 13 (a) and
(b)). Cracking mainly occurs along the grain boundaries (Fig. 13 (a) and
(b)), and there is no further cracking on the fracture surface of the
TiTaHfNb HEA. Indeed the TEM images of the fractured TiTaHfNb HEA
samples exhibit carbides around the grain boundaries (Figs. 13(a) and
14(a)), which can facilitate cracking by enhancing brittleness around the
grain boundaries. In this context it should be noted that impurities and
interstitials can significantly alter an alloy’s deformation response [82],
especially in terms of ductility, yet the exact effect can be difficult to
assess [83]. In the current materials, and specifically in the case of the
TiTaHfNb HEA, the trace amount of C originates from the arc melting
furnace, and found its way to some grain boundaries. Since the focus of
the present study was on the assessment of the impact/fracture response
of these Ti-based HEAs for the first time, a detailed elemental analysis of
the microstructure is left for future work focusing on the formability of
these alloys, where the impurity content and interstitials play a crucial
role. Moreover, dendritic structures were also observed in TiTaHfNbZr
(Fig. 13(c)), however; cracking behavior is less stable than it is in
TiTaHfNb, yet more stable as compared to TiTaHfMoZr. TEM results
(Fig. 14(b)) indicate that slip becomes more prevalent under impact
loading within small grains upon addition of Zr to TiTaHfNb.

The CVN experiments and the corresponding microstructural



S. Gurel et al.

Materials Science & Engineering A 803 (2021) 140456

Fig. 8. Stereoscopic microscopy images of the fracture surfaces of the studied HEAs following the CVN tests: (a) and (b) TiTaHfNbD, (c) and (d) TiTaHfNbZr, and (e)

and (f) TiTaHfMoZr.
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Fig. 9. Compressive deformation response of the three HEAs investigated in this study; the experiments were carried out at room temperature and a strain rate of 5 x
10* s and each curve represents the average of three experiments carried out on companion samples.

analyses demonstrated that modifications made to the elemental com-
positions of Ti-based HEASs significantly influence the fracture behavior.
Specifically, addition of Zr to TiTaHfNb notably decreased the impact
energy and enhanced the brittleness, where the impact energy decreased
from an average of 14.8 J down to 0.25 J. Yet the lowest energy ab-
sorption capacity was observed in the case of TiTaHfMoZr HEA, namely
0.1 J, and this alloy also exhibited the most brittle response. This can be

attributed to the formation of multiple phases by Mo addition (Fig. 12
(a) and (b), Fig. 13 (d)-(g)) [59,61,84,85]. The corresponding EDX an-
alyses, BSE and bright-field microscope images revealed that a
non-homogenous microstructure with dendritic and interdendritic re-
gions is present, as evidenced by Ta-rich and Zr-rich, compositions,
respectively. Moreover, there are non-homogenous fracture patterns
present on the fracture surface of TiTaHfNbZr: this HEA exhibits strictly
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Fig. 11. Hardness vs displacement data for (a) TiTaHfNb, (b) TiTaHfNbZr, and
(c) TiTaHfMoZr HEAs as obtained from nano-indentation experiments.

defined and coexisting fracture regions of brittle and ductile nature
(Figs. 8 and 9). An EDX analysis revealed that the constituents of
TiTaHfNbZr are homogenously dispersed in the microstructure (Fig. 10
(c) and (d)). While there is no crack on the fracture surface of TiTaHfNb
and cracking occurs along the grain boundaries of TiTaHfNb as illus-
trated in Fig. 13 (a) and (b), transgranular cracking exhibits on the
fracture surface of TiTaHfNbZr as can be seen in Fig. 13 (c). The
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difference between the fracture surface of TiTaHfNb and TiTaHfNbZr
can be attributed to Zr addition in the Ti-based HEA that leads to
enhanced dislocation activity. Such that, TEM results of TiTaHfNbZr
reveal slipping in smaller grains of TiTaHfNbZr. Addition of Zr may lead
to slipping in small grains, and therefore transgranular cracking occurs
on the fracture surface of TiTaHfNbZr.

In order to probe the as-cast samples for defects, samples extracted
from the bulk discs were subjected to XRM, which showed that a
negligible volume fraction of interdendritic voids typical in as-cast al-
loys was present in the samples (Fig. 15)'. Other microstructural issues
such as local segregation of some elements were also minimal, and the
HEAs tested in their as-cast forms already exhibited superior impact
response. Still, it is expected that the performance of these alloys could
be further enhanced by processing, such as hot isostatic pressing or
similar techniques.

Overall, the current experimental findings demonstrate that the
addition of Zr and Mo into Ti-based HEA system facilitates formation of
additional dislocations in the microstructure due to increased lattice
distortion, as well as increased hardness, and reduces ductility and en-
ergy absorption capacity. The fracture surface micrographs of the three
HEAs revealed that the TiTaHfNb alloy exhibits the most ductile
behavior under impact loading, while TiTaHfNbZr and TiTaHfMoZr
exhibit significantly lesser ductility. These results imply that TiTaHfNb
HEA could be considered as an attractive alternative material for ap-
plications suffering from both wear and corrosion, such as hip or knee
implants, and thus, warrant further investigation of the mechanical and
biomedical performance of this alloy.

4. Conclusions

Fracture response of three Ti-based high-entropy alloys (HEAs),
namely TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr alloys, was investi-
gated employing Charpy impact tests carried out at 298 K.

e TiTaHfNb HEA has the highest energy absorption capacity and ex-
hibits a more ductile behavior as compared to the TiTaHfNbZr and
TiTaHfMoZr HEAs.

e The presence of Zr in the substrates led to a decrease in impact en-

ergy, and the TiTaHfNbZr exhibited mixed fracture characteristics

with predominantly brittle behavior.

Mo addition resulted in an inhomogeneous microstructure (TiTaHf-

MoZr), leading to dendrite formation and significant decrease in

energy absorption capacity; and cleavage surfaces and quasi-

cleavage structures were evident upon brittle fracture of this HEA.

e Zr and Mo addition to the TiTaHfNb HEA system resulted in signif-
icantly enhanced dislocation activity in the microstructure under
loading.

Overall, the findings reported herein not only demonstrate the po-
tential of the Ti-based HEAs to be utilized as implant materials, but also
warrant further investigation of their mechanical response and
biocompatibility prior to their utility in medical applications.
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Fig. 14. TEM images showing the microstructure near fracture surfaces after CVN test: (a) TiTaHfNb, (b) TiTaHfNbZr.

Fig. 15. XRM analysis showing (a) the presence of interdendritic pores and (b) their relatively small volume fraction within the bulk TiTaHfNbZr HEA.
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