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We report on the microstructure and tribological behavior of equimolar TiTaHfNbZr high entropy alloy (HEA)
thin films deposited on the biomedical Ti—6Al—4V substrates by RF magnetron sputtering. Results of na-
noindentation and sliding wear experiments were evaluated along with the microstructure and topographical
information obtained from scanning electron microscopy and atomic force microscopy. The findings clearly
demonstrate that the TiTaHfNbZr HEA not only forms a homogenous and dense coating mechanically compa-
tible with the Ti—6Al—4V substrates, but also provides a significantly enhanced surface protection against wear

and cracking, which could prove valuable especially in long-term orthopedic implants that bear dynamic contact
loading, such as in the cases of hip or knee joints.

1. Introduction

For the sake of a reliable and safe long-term service, metallic im-
plant materials are required to possess some essential characteristics,
such as excellent biocompatibility, high corrosion resistance, adequate
mechanical properties and high wear resistance [1-3]. The Ti—6A1-4V
(composed of o + P phases) constitutes one of the most widely used
metallic biomaterials employed in biomedical applications [4,5],
mainly owing to its higher strength, lower stiffness and density, and
better biocompatibility as compared to other metallic implant materials
[6-12]. However, the literature offers studies that forward clear evi-
dence of high levels of Ti, V and Al black debris in tissue surrounding
implants subject to high wear rates, such as in the case of artificial
joints [13-15]. The release of toxic V and Al ions to the surrounding
tissue may result in serious health problems, such as peripheral neu-
ropathy, osteomalacia, and Alzheimer disease [4,16]. An additional and
related concern for the Ti—6A1—4V alloy is raised by its relatively poor
wear resistance and high coefficient of friction [17]: during service,
wear leads to formation of debris, which may cause osteolysis and
produce inflammatory reactions in the surrounding tissue. Therefore,
improving the wear resistance, and consequently reducing debris gen-
eration, is highly desirable, especially in the case of patients with long
life expectations [18].

In order to eliminate these drawbacks of the Ti—6Al—-4V alloy,

coating is commonly used, such that application of appropriate coating
can significantly enhance the wear resistance and lower the coefficient
of friction, preventing toxic ion release [12,19,20]. Among various
coating materials, Ti matrix coatings possess similar coefficient of
thermal expansion as that of the Ti—6Al—4V alloy substrate, and
therefore, Ti oxide layers are commonly used for Ti—6Al—4V alloy
substrates. Nevertheless, it is worth mentioning that the brittle TiO5
layer is vulnerable to repeated multi-axial loads in long term applica-
tions [21,22]: the existence, formation and propagation of cracks
within the brittle oxide layer gives way to the release of toxic ions (Al,
V), leading to the aforementioned health problems [23,24]. In order to
overcome this shortcoming, considerable research has been conducted
to find alternatives to conventional coating materials and broaden the
scope of utility of Ti alloys in biomedical applications [25].

In general, coatings for biomedical applications must have low
modulus of elasticity, high wear and corrosion resistance within the
application-specific tissue or body fluids, low coefficient of friction,
excellent biocompatibility, and mechanical compatibility with the
substrate they are deposited on [26]. Considering the need for sa-
tisfying these requirements all at once, application of metallic coating
materials onto metallic substrates manifests itself as a viable option
[27-29]. Among several candidate metallic coating materials, high
entropy alloys (HEAs) have recently gained attention owing to the
optimum combination of mechanical properties they offer, including
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high hardness, good thermal stability, and excellent wear, oxidation
and corrosion resistances [30-34]. So far, several types of nitride and
carbide films of HEAs have been investigated as a coating material
applied onto the Ti—6Al—4V alloy and other metallic alloys: (FeCo-
NiCrCuADN [35], (AlCrTaTiZr)N [36], (TiAlCrSiV)N [37], (AlCrMo-
SiTi)N [38], (TiVCrZrHf)N [39], (TiVZrNbH)N [40], (TiZrHfVNbTa)N
[41]. However, despite their significant hardness, their brittleness,
limited plasticity and tendency to chipping, and more importantly, the
documented Al or V ion release, constitute obstacles against their utility
in implants, warranting utilization of HEA coatings composed of non-
toxic elements.

One such HEA is the recently introduced equimolar TiTaHfNbZr
alloy composed of individually biocompatible elements, which was
coated on NiTi substrates by RF magnetron sputtering technique, and
exhibited an outstanding combination of hardness and elastic modulus
compatible with that of NiTi [42]. However, wear and corrosion re-
sistances of this HEA coating have been left unattended, which con-
stitute important considerations for coating implant materials, such as
the Ti—6Al—4V alloy. In the work presented herein, we investigated the
possibility of extending the utility of TiTaHfNbZr HEA as a coating
deposited on the biomedical Ti—6Al—4V. For this purpose, the wear
resistance of the TiTaHfNbZr HEA coatings deposited onto Ti—6Al—4V
substrates by RF magnetron sputtering was investigated in correlation
with the corresponding coating microstructures. Overall, the result of
the present study showed that TiTaHfNbZr HEA coating has sig-
nificantly reduced both coefficient of friction (CoF) and wear loss of the
Ti—6Al—4V substrate, opening a venue for safer long-term utility of the
Ti—6Al—4V biomedical alloy upon coating with the TiTaHfNbZr HEA.
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Fig. 1. XRD patterns of (a) Ti—6Al—4V substrate and TiTaHfNbZr film deposited on (b) silicon wafer and (c) Ti—6Al—4V.
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2. Experimental details

The equimolar TiTaHfNbZr' HEA target was fabricated using va-
cuum arc melting in form of a disc with a diameter of 50.8 mm and
thickness of 6.3 mm. Disc-shaped Ti—6Al—4V substrates with a dia-
meter of 10mm and a thickness of 2mm were cut with electro-dis-
charge machining. After grinding with SiC emery papers and polishing
up to 0.30 um with alumina slurry, the samples were cleaned sequen-
tially in acetone, isopropyl alcohol and deionized water in an ultrasonic
bath. TiTaHfNbZr HEA thin films were deposited onto Ti—6Al—4V
substrates and silicon wafer by RF magnetron sputtering on a Nanovak
NVTS-400. Surface topography analyses and tribology experiments
were carried out on the HEA thin films deposited on Ti—6A1—4V sub-
strates. The cross-sectional inspections and XRD investigation, on the
other hand, were carried out on HEA films deposited on silicon samples,
such that the sample preparation was easy and the signal-to-noise ratio
was improved. The deposition process was performed in an Ar atmo-
sphere at room temperature, where the chamber base pressure was set
below 1 x 10™°Pa and the flow rate of Ar was kept constant at 10
standard cubic centimeters per minute (SCCM) under a power of 100 W.
Prior to the deposition process, the target was pre-sputtered by Ar
plasma for 10 min in order to remove the surface impurities.

The phases present in the as-deposited TiTaHfNbZr HEA film and
Ti—6Al—4V substrate were investigated by X-ray diffraction (XRD)
analyses were carried out on a Bruker D8 Advanced X-ray

1 All constituent elements of the TiTaHfNbZr HEA were of 99.99% purity.
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Fig. 2. SEM images of (a) Ti—6Al—4V substrate, (b) plane view of 800 nm thick TiTaHfNbZr HEA film, and (c) cross-section image of 800 nm thick TiTaHfNbZr HEA

film deposited on a silicon substrate.

(a)

Ra= 2.78 nm

(b)

Fig. 3. AFM images and surface roughness of: (a) Ti—6Al—4V substrate, and (b) 800 nm thick TiTaHfNbZr HEA film.

diffractometer with Cu Ko radiation operated at 40 kV and 40 mA. An
incidence angle of 4° and an acquisition angle ranging from 10° to 90°
were utilized in the grazing incidence X-ray diffraction (GIXRD) ex-
periment with a 0.02° step and a scan speed of 0.6°/min. The mor-
phology of sample surfaces prior to and following deposition, and the
cross-section of films were explored with a Zeiss Utra Plus scanning
electron microscope (SEM), while examination of the topography and
roughness of the sample surfaces were carried out with a Bruker
Dimension Icon atomic force microscope (AFM) operating in the tap-
ping mode, which enables high resolution topographic imaging of
sample surfaces that are easily damaged, loosely hold to their substrate,
or difficult to capture by other AFM techniques [43,44].

As for the mechanical properties, the hardness and elastic moduli of
the samples were determined by nanoindentation carried out on an
Agilent G200 tester employing a Berkovich diamond indenter under a
continuous applied load of 3mN. The load was applied and released
under a loading/unloading rate of 0.3 mN/s with a 5 s hold at peak load
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before unloading. The penetration depth of the indenter was about 1/
10 of the films' thickness in order to eliminate substrate effect, and at
least 15 measurements were carried out on each sample for the sake of
avoiding texture effect. The average values of hardness and elastic
moduli were calculated with respective standard deviations.

Sliding wear tests were performed on a tribotester (Tribotech™
Oscillating Tribotester, France) using ball-on-disc configuration in a
reciprocating motion style under dry sliding condition. The experiments
were carried out under applied loads of 1, 2 and 3Nat a constant
sliding speed of 10 mm/s and with a stroke length of 5 mm for the total
sliding distance of 30 m over the sample surfaces. A ball made of alu-
mina (Al,03) with 6 mm diameter was used as the counterface, and the
frictional force data was continuously recorded during the wear tests.
Stylus type profilometer (Dektak-6M, Veeco, USA) was used to monitor
the 2D profile and measure the depth and width of wear tracks devel-
oped on the surface of samples. At least eight measurements were taken
from different locations on each wear track. After measuring the
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Fig. 4. 2-D profiles of the wear tracks of Ti—6Al—4V substrates and AFM images of 800 nm thick TiTaHfNbZr HEA films after the wear tests carried out under 1, 2 and
3N loads.
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Fig. 5. Coefficient of friction profiles as a function of sliding distance for (a) Ti—6Al—4V substrate, and (b) 800 nm thick TiTaHfNbZr HEA film.
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Ti-6Al-4V

Fig. 6. The worn surface topographies of Ti—6Al—4V substrate and 800 nm
thick TiTaHfNbZr HEA film.

Ti-6Al-4V TiTaHfNbZr

Fig. 7. Corresponding contact surface appearances of the Al,O3 ball following
the wear tests carried out under 1, 2 and 3 N loading.
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average depth and width of wear tracks, the volume loss (mm®>) was
obtained by multiplying the cross-sectional area of wear track with its
length. The worn surfaces of the samples were also examined by SEM
and AFM.

3. Results and discussion

The XRD patterns of the Ti—6A1—4V alloy and the TiTaHfNbZr HEA
are presented in Fig. 1(a) and (b), respectively: the TiTaHfNbZr coating
exhibits a single low-intensity wide peak, indicating an amorphous
structure [45], which can be explained by the rule proposed by Inoue,
where the glass-forming ability can be promoted for multicomponent
systems [46]. From a thermodynamics point of view, the glass-forming
ability is obtained under the condition of low Gibbs free energy
AG = AHg - TAS; where AH¢ and AS¢ are the enthalpy and entropy, re-
spectively. Accordingly, the low AG value is obtained in the case of low
AH; and large AS¢, and the large AS; is expected in multi-component
alloy systems since AS¢ is proportional to the number of the alloying
elements [45-49]. Moreover, sluggish diffusion effect hinders diffusion
as a result of difficulty of atom mobility in a multi-component system,
which stems from higher packing density within a stack of differently-
sized atoms [50]. Specifically, lower diffusion rate constitutes a reason
for the higher recrystallization temperatures and activation energies of
HEAs [51]. Since it is difficult to reach higher recrystallization energies
within the film deposition period, formation of amorphous structure is
promoted, considering the growth and even nucleation of crystalline
phases are constrained [52,53].

SEM morphologies of Ti—6Al—4V substrate, and plane view and
cross-section of 800 nm thick TiTaHfNbZr HEA film are presented in
Fig. 2 (a), (b), and (c), respectively: white-colored and nano-sized
cauliflower-like grains with sizes changing from 50 to 100 nanometers
are seen on the TiTaHfNbZr HEA film deposited on Ti—6Al—4V sub-
strate, which is consistent with findings in the literature showing that
the cauliflower-like grains with sizes ranging from ten to hundreds of
nanometers are typical for the most metallic films [29,47]. In addition,
the SEM cross-sectional image shown in Fig. 2 (c) demonstrates that the
amorphous TiTaHfNbZr HEA film obtained by RF magnetron sputtering
is uniform and perfectly dense. So far several studies have revealed the
remarkable hardness enhancement along with amorphous structured
films [54,55]. The main strengthening mechanisms for TiTaHfNbZr
HEA films were reported as small grain size and uniform amorphous
structure, such that the hardening possibility of HEA films were con-
firmed with nanoindentation experiments.

Vickers hardness values and elastic moduli of Ti—6Al—4V substrate
and TiTaHfNbZr HEA films were determined based on the loading-un-
loading curves obtained from nanoindentation experiments and using
Oliver and Pharr method. Accordingly, the average values of the
Vickers hardness and elastic modulus of the Ti—6Al—4V substrate were
3.46 + 0.17GPa and 115 * 1.4GPa, respectively, while the HEA
films exhibited higher hardness and modulus values, namely
12.51 *+ 0.34GPa and 181.3 + 2.4 GPa, respectively. In comparison
to the bulk form, TiTaHfNbZr films manifested impressive enhancement
in mechanical properties in terms of hardness and elastic modulus at
room temperature [56-58].

The AFM surface topography and roughness of the Ti—6Al—4V
substrate (Fig. 3(a)) and TiTaHfNbZr HEA film (Fig. 3(b)) demonstrated
that the surface of Ti—6A1—4V substrate was rather a smooth with a
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roughness of 0.85nm, while the TiTaHfNbZr HEA coating exhibited
cauliflower-like structures and its roughness was measured as 2.78 nm.
In classical friction studies it is commonly accepted that the friction and
wear increase with the increase in surface roughness [59-63] since
rougher surfaces feature lower contact areas and apply higher contact
pressures leading to higher friction and wear loss. However, for thin
films under dry friction, it was shown that the coefficient of friction and
wear rate generally decreased with increasing surface roughness [64].
This latter trend was also observed in the current study on TiTaHfNbZr
HEA films. This inverse trend definitely needs further elaboration, yet it
remains within the scope of the current work.

2-D profiles of the wear tracks formed on Ti—6A1—4V substrate and
AFM images of 800 nm thick TiTaHfNbZr HEA films subjected to wear
experiments are provided in Fig. 4. The depth and width of the wear
tracks changed remarkably with the applied load for Ti—6A1—4V sub-
strate. On the other hand, the wear depth was too small for TiTaHfNbZr
HEA films to be detected by profilometer. Therefore, AFM images were
taken following wear tests to observe the worn surfaces. Fig. 4 depicts
the AFM images of surfaces of samples tested under 1, 2 and 3 N loads,
including both worn and unworn zones on the same surface. The cor-
responding images evidence that the wear loss was negligible for Ti-
TaHfNbZr HEA films. After determining the average depth and width of
each wear track, the volumetric loss (mm?®) calculated by multiplying
the cross-sectional area of wear track with its length. Volumetric losses
under 1, 2 and 3N applied loads for Ti—6Al-4V substrate are
7.12 x 1073, 3.96 x 1072, and 5.75 x 10~ 2, respectively. It is well
known that material volume loss by wear is highly dependent upon the
hardness of tested materials and normal loads [53]. Following wear
experiments; it was observed that wear loss increased with increasing
normal load and decreasing hardness in the current material.

Evolution of coefficient of friction (CoF) with sliding distance are
provided in Fig. 5 for applied normal loads of 1, 2 and 3 N. As a general
trend, higher coefficient of friction prevailed with increasing normal
load for both Ti—6A1—4V substrates and TiTaHfNbZr HEA films. The
coefficient of friction was low and stable, with the value ranging from
0.1 to 0.2 for TiTaHfNbZr HEA films. On the other hand, increased wear
debris generated during sliding led to oscillation and rapid increase in
the coefficient of friction for Ti—6Al—4V substrate. These “third body
particles” generally occur in the sliding contact and play a critical role
in determining friction [65-69].

In order to acquire a comprehensive understanding of the tribolo-
gical properties, wear mechanisms of the substrate and coating were
analyzed using SEM. The worn surface topographies of Ti—6Al-
4Vsubstrate and 800nm thick TiTaHfNbZr HEA film are shown in
Fig. 6. The worn surfaces of Ti—6A1—4V substrate can be characterized
by accumulated plastic deformation resulting from cyclic sliding con-
tact. After increasing the normal load, plastic deformation became more
dominant on the surface of Ti—6Al—4V. The sliding action of the Al,O3
ball led to plastic deformation along with scratches in the direction of
motion on the worn surfaces of the Ti—6Al—4V substrate. Diversely, for
TiTaHfNbZr HEA films, plastic deformation was negligible until 3N
normal load and led to smoother surface texture. Applying 3 N caused
small local ruptures on the worn surface (Fig. 6).

Corresponding contact surface appearances of the counter-face
(Al,O3 ball) for Ti—6Al—4V substrate and TiTaHfNbZr HEA films are
presented in Fig. 7. The progress of wear by the plasticity dominant
mechanism was accompanied by material transfer to the contact surface
of the Al,0O3 ball to yield a dark colored wear scar appearance. It is
clearly seen that the deposition of TiTaHfNbZr HEA films on
Ti—6Al1—4V substrates reduced the material removal from the coating,
and therefore decreased the wear scar on the counter-face.
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Overall, the current findings clearly demonstrate that the
TiTaHfNbZr HEA forms a homogenous and dense coating mechanically
compatible with the Ti—6Al—4V substrates it is deposited on. This
coating provides a significantly enhanced surface protection against
wear and cracking as compared to conventional ceramic coatings. The
demonstrated tribological performance of the TiTaHfNbZr HEA could
prove valuable especially in long-term orthopedic implants that bear
dynamic contact loading, such as in the cases of hip or knee joints.
However, the biocompatibility aspects and corrosion resistance should
also be addressed prior to its biomedical utility, which constitutes the
topic of our follow-up study on this material.

4. Conclusion

The findings of the study presented herein demonstrate that the
multi-component equimolar TiTaHfNbZr high entropy alloy (HEA)
films deposited on Ti—6A1—4V substrates by RF magnetron sputtering
exhibit a homogenous surface topography with a fine grained amor-
phous structure, providing a significant enhancement of the mechanical
properties. Specifically, significant increase of hardness and elastic
modulus of the surface coating led to an enhancement of the tribolo-
gical properties, such as wear resistance and coefficient of friction,
which dictate the suitability of coatings for biomedical applications. In
summary, the current findings support that the equimolar TiTaHfNbZr
HEA can serve as an effective protection against wear and cracking
especially for long-term orthopedic implants.
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