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Assessment of biocompatibility of novel TiTaHf-based high entropy alloys 
for utility in orthopedic implants 
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H I G H L I G H T S  

• Novel TiTaHf-based high entropy alloys were immersed in fetal bovine serum. 
• Hydroxy apatite and passive oxide layer formation was observed upon immersion. 
• TiTaHfNb alloy shows a high potential for utility in knee implants.  
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A B S T R A C T   

This paper presents the findings of experimentally observed corrosion response of novel TiTaHf-based high 
entropy alloys (HEAs) in fetal bovine serum (FBS) to evaluate their biocompatibility in presence of proteins and 
potential to be used as implant materials. Particularly, TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs were 
subjected to static immersion experiments in FBS media, and both the HEA samples and the immersion fluids 
underwent thorough characterization. The findings presented herein show that Zr and Mo addition to the TiTaHf 
solid solution increased the total ion release from the resulting HEAs in FBS, while the TiTaHfNb HEA became 
prominent in terms of biocompatibility owing to the reduced ion release in FBS. Moreover, hydroxy apatite (HA) 
formation was evident on the surfaces of all three HEAs upon immersion in FBS, indicating the potential of the 
three TiTaHf-based HEAs to form desired binding with the human bone. Considering the fact that passive oxide 
layer formation facilitating lower susceptibility to corrosion in long-term applications was also observed in the 
studied HEAs, further elaboration on their mechanical and biological responses is warranted for the sake of a 
comprehensive assessment regarding their utility as orthopedic implant materials.   

1. Introduction 

Apart from the delicate geometrical design, medical implants need 
meticulous material selection in order to function properly in their 
specific roles, including various applications such as total hip prosthe
ses, bone fixation plates and dental implants. Such applications demand 
combination of high corrosion resistance, toughness and wear resis
tance. Stainless steel was the earliest material which could fulfill these 
requirements all at once to a certain extent, and even though it has been 
replaced by CoCr or Ti alloys in many applications within the recent 
years, it is still a popular metallic biomaterial for bone replacements, 
fixations or joint prostheses [1]. However, it has been shown that this 

alloy is responsible for development of allergic symptoms such as rash 
and blister patches, which have been associated mainly with nickel ion 
release [2,3]. Therefore, despite its high strength and good corrosion 
resistance, toxic ion release from stainless steel into the human body 
warranted the search for alternative metallic implant materials. 

The most well-known outcomes of these efforts are alloys of tita
nium, such as Ti6Al4V and NiTi. In these alloys, the titanium-oxide layer 
provides a remarkable corrosion resistance, as well as better biocom
patibility, which is due to the osseointegration process between the 
implant and the bone [1,4–8]. However, toxic ion release (Al, V from 
Ti6Al4V and Ni from NiTi) is an issue with these alloys, resulting in 
biocompatibility deterioration which can cause unfavorable 
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physiological effects, such as allergic reactions, decreased fertility or 
even damage to the nervous system [9,10]. Moreover, The ion release 
can cause weak interfacial bond between the alloy and the bone, 
adversely affecting the implant’s osseointegration [11]. Another disad
vantage of these alloys is the mechanical property mismatch with the 
human bone, which can significantly alter the functionality of the 
implant in the long term. In particular, mismatch of stiffness results in 
stress shielding effect that damages the bone tissue, and eventually 
causes wear-induced osteolysis owing to material detachment from the 
metal implant [4,12]. Therefore the search for alternative materials 
satisfying both biocompatibility and mechanical properties for replacing 
bone tissue has gained momentum in the recent years [13–16]. In 
addition, the durability of an orthopedic implant depends on both 
biocompatibility of the implant and its tribological performance, where 
the latter involves stiffness, scratch resistance and surface roughness 
[17]. For instance, during the last few decades CoCr alloys have become 
the mostly utilized material for surface arthroplasties, however; owing 
to surface wear and osteolysis, revision rates for arthroplasties could 
reach up to 50% in the 15 year follow up [18]. In order to decrease this 
rate, different materials such as ceramics and Ti-based alloys have been 
employed but the revision rates have remained still considerably high 
[19]. Apparently, the need for implant materials with a high surface 
abrasion resistance and good osteointegration still exists. 

An alternative class of materials emerged as a consequence of recent 
efforts to manufacture high toughness alloys for aerospace industry, 
namely the high entropy alloys (HEAs), which have also opened a new 
window for designing metallic alloys for different applications due to 
their exceptional properties. The HEAs usually consist of at least four 
alloying elements with equimolar or close to equimolar percentages, in 
other words, the HEAs are multi-principle element alloys. This generates 
high configurational entropy, leading to a very stable single phase for
mation, which eventually brings about excellent corrosion resistance, 
high fracture toughness, high strength and hardness [20–23]. Recently, 
numerous studies have been conducted to discover potential applica
tions of HEAs, especially in the biomedical field. In most scenarios, HEAs 
composed of nontoxic transition elements, such as Ti, Hf, Nb and Mo, are 
subjected to biocompatibility experiments that involve immersion of the 
HEA samples into solutions simulating body fluids, followed by the 
assessment of changes both within the metal and the fluids [15,20,24, 
25]. So far, a limited number of studies have explored the effects of 
different corrosive media on the biocompatibility of HEAs, where 
Ringer’s solution, phosphate-buffered saline (PBS), simulated body fluid 
(SBF) and artificial saliva (AS) were considered as the corrosive media 
acting on bulk (TiZrNbTa)90Mo10, TiTaHfNb, TiTaHfNbZr, TiTaHfMoZr 
and Ti1.5ZrTa0.5Hf0.5Nb0.5 HEAs [13–16,25,26]. Based on the superior 
corrosion resistance of these materials demonstrated in the aforemen
tioned studies, some of them, including the TiTaHfNbZr alloy, were also 
successfully used to coat conventional biomedical alloys, such as NiTi 
and Ti6Al4V, in order to enhance their biocompatibility, such that the 
passive oxide layer forming on the surface further enhanced the corro
sion resistance by restricting the ion release from the substrate alloys 
[27–29]. 

Generally, chloride ion concentration or pH of the media play a 
crucial role in the formation and properties of the passive layer forming 
on conventional implant alloys [30]. However, a comparison of an 
in-vitro sample of a CoCrMo implant with a collected in-vivo sample 
revealed that the proteins in human body also clearly have an influence 
on this passive layer, as evidenced by the tarnished film that formed on 
the surface of the in-vivo sample [31]. In a later study supporting this 
argument, where the effect of addition of albumin and fibrinogen to PBS 
on pure Co and Cu, and cast CoCrMo alloy was studied, the proteins were 
shown to enhance the corrosion of Co and Cu while they inhibited 
corrosion of Mo, demonstrating that the corrosion behavior depends on 
the interaction of proteins with the specific metallic elements [32]. For 
instance, it has been shown for AISI 304 and AISI 316L stainless steels 
that the proteins of albumin, g-globulin, fibrinogen and transferrin can 

behave similar to complex agents, hindering the formation of a passive 
layer, eventually leading to pronounced ion release [33]. These findings 
warrant the need for including organic corrosive media in the biocom
patibility and corrosion testing of potential biomedical alloys in order to 
properly simulate the actual human body conditions while assessing 
their potential utility as implant materials. 

Fetal bovine serum (FBS) can be a plausible choice for such corrosive 
medium exhibiting the aforementioned characteristics. This serum has 
been used in biological studies for decades as a generic supplement for 
cell growth due to existence of broad range of proteins it contains, which 
provides a similar condition to the human body while healing after 
implantation surgery [34,35]. Therefore, several studies have been 
conducted using FBS to culture cells on the surface of the conventional 
implant alloys to assess the interaction of living cells with the alloys and 
their corresponding proliferation, as well as the corrosion response of 
the alloys [36–39]. This method of study is a great tool to evaluate the 
biocompatibility of the alloys, but one shortage of the previous works is 
that media was in contact with the alloy for a relatively short time. This 
can be an issue since the passive layer properties have been shown to 
change with time due to dissolution-reformation cycles [40]. For 
instance, significant differences between the passive oxide layer char
acteristics of NiTi samples immersed in PBS for short time periods and 
those immersed in FBS for longer periods were reported, laying out the 
effects of both protein-surface interactions and the duration of contact 
between the alloy and the corrosive media [41]. Currently, such an 
assessment of the reaction of TiTaHf-based HEAs to FBS for considerable 
immersion periods is missing to the best of the authors’ knowledge, 
which constitutes one of the major motivations for carrying out the 
study presented herein. 

In order to accomplish the aforementioned task, three TiTaHf-based 
HEAs, namely the TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr alloys, were 
investigated in this study. Specifically, in a recent series of studies the 
authors have demonstrated the potential of these HEAs to be utilized in 
orthopedic and orthodontic implants in both bulk form and as coating 
material, where the biocompatibility was assessed from different points 
of view, including static biocompatibility and tribological performances 
[15,16,27–29]. In order to complete the biocompatibility assessment of 
these alloys by accounting for the protein-metal interactions, which is 
very crucial especially for orthopedic implantation processes, such as 
total knee arthroplasty (TKA) [42,43], static immersion experiments 
were carried out on all three HEAs in FBS in the current work. The 
findings show that both protective passive oxide layer and bone-like 
appetite formation was evident on the sample surfaces, further sup
porting the previously claimed biocompatibility of these alloys. The 
results also warrant conduction of cell culture studies on these 
TiTaHf-based HEAs in order to further assess their suitability to be uti
lized as orthodontic implant materials. 

2. Materials and methods 

Three different high entropy alloy disks with a 50.1 mm diameter 
and 6.1 mm thickness were produced using vacuum arc melting (VAR) 
and 99.9% purity elements resulting in the compositions shown in 
Table 1. These disks were cut by wire electrical discharge machining 
(EDM) in form of 10 mm × 5 mm × 1 mm bulk samples. 12 Samples (4 
from each HEA disk) were mechanically grinded under running water 
using emery papers with grit size ranging from 120 to 2500. Grinding 
was carried out with caution to only remove a layer of negligible 

Table 1 
Chemical compositions of the studied HEAs in atomic %.  

Material Ti Ta Hf Nb Zr Mo 

TiTaHfNb 50 16.7 16.7 16.7 0 0 
TiTaHfNbZr 20 20 20 20 20 0 
TiTaHfMoZr 20 20 20 0 20 20  

S. Gurel et al.                                                                                                                                                                                                                                    



Materials Chemistry and Physics 266 (2021) 124573

3

thickness from each samples’ surface, including the oxides and 
contamination. Subsequently, polishing the samples was done using 0.3 
μm alumina slurry until mirror-like surface appearance was obtained. In 
order to remove any contaminants introduced by the sample preparation 
process, samples were cleaned by immersing in de-ionized water and 
then ethanol bath inside an ultrasonic cleaner for 5-min intervals. 

Prior to static immersion tests, mass of each dry sample was 
measured using a scientific scale (Precisa XB 220A) and then the samples 
were immersed in fetal bovine serum (FBS, Biosera FB-1101) inside 50 
ml polypropylene tubes. The necessary amount of serum was calculated 
according to a volume-to-surface area ratio of 10 ml/cm2. In order to 
simulate human body temperature and its effect on corrosion, tubes 
were positioned inside an electronically controlled water bath at a 
constant temperature of 37 ◦C. Subsequently, samples were collected 
following 1, 7, 14 and 28 days of immersion. After collecting the samples 
from the tubes, they were washed with de-ionized water, dried using air 
blow, and their masses were measured. 

In order to investigate the microstructures of and uncover the phases 
present in the samples, X-ray Diffraction (XRD) technique was used on a 
Bruker D2 Advanced X-ray diffractometer. The Cu-Kα source operating 
at 30 kV and 10 mA was used with the constant incident angle of 5◦

while the acquisition angle changed over the 5◦–90◦ range with a 0.02◦

increment. A scanning electron microscope (SEM, FEI – Quanta 200 
FEG) was employed to investigate the surface morphology of the sam
ples, and it was equipped with an energy-dispersive X-ray spectroscopy 
(EDX) detector. In order to measure the quantity of metallic ions 
released into the FBS during immersion tests, the solution remaining 
from each static immersion experiment was analyzed employing an 
inductively coupled plasma - mass spectrometer (ICP-MS, Agilent 
7700x) and compared with the blank FBS sample. X-ray photoelectron 
spectroscopy (XPS, Thermoscientic, Al K-α radiation) was used to 
investigate surface properties of the samples and detect the elements 
present on the sample surfaces, which were subjected to ion etching to 
establish the XPS depth profiles. 

3. Results and discussion 

The XRD patterns of TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr before 
the immersion tests are shown in Fig. 1, where the peak values and 
lattice parameters were calculated utilizing Bragg’s Law [20,44,45]. The 
XRD results illustrate the BCC-structured solid solution of TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr with the lattice parameters determined as 
3.329 Å, 3.340 Å, and 3.362 Å, respectively. Although only a few studies 
on these three HEAs have been forwarded to date, the XRD results are 
consistent with the previously reported results in the literature [16,25, 
46,47]. 

Fig. 2 shows the total ion concentration of FBS for each sample 
following the immersion tests for 1, 7, 14 and 28 days. While the total 
ion concentration in FBS increased continuously within the first two 
weeks upon immersion of the TiTaHfMoZr HEA in it, it remained nearly 
constant for the following two weeks, bringing the total ion concentra
tion to a level similar to those measured in FBS samples upon immersing 
the TiTaHfNb and TiTaHfNbZr HEAs in it. Moreover, the ICP-MS results 
obtained from FBS samples in which the TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr HEAs were immersed revealed that the amount of Ti release 
is significantly higher as compared to the other constituents (Ta, Hf, Nb, 
Zr and Mo) following a 28-day immersion period (Table 2 and Fig. 3). 
Especially the significant amount of Ti ion release from all three HEAs 
within the first 7 days of immersion is a strong indication of the initial 
dissolution of Ti-oxide layer on the samples, considering the fact that all 
three HEAs have been proven to form a stable solid solution and form a 
protective Ti-oxide layer on the surface upon immersion in corrosive 
media [15]. On the other hand, the TiTaHfMoZr HEA released the least 
amount of Ti as compared to the TiTaHfNb and TiTaHfNbZr HEAs, 
however; high amount of Mo release from the TiTaHfMoZr HEA was 
observed during the immersion tests (Table 2 and Fig. 4). Indeed, Mo 

addition into TiTaHf-alloy led to a high amount of Mo ion release 
(Table 2 and Fig. 4), exceeding the amount of Nb ion release from 
TiTaHfNb and TiTaHfNbZr into the FBS, indicating that replacement of 
Nb with Mo might significantly alter the stability of the TiTaHf-based 
HEAs. In particular, the addition of Mo into TiTaHf-based alloy gives 
way to a non-homogeneous elemental distribution during the 
manufacturing process due to the long “hands-on” time [48], such that 

Fig. 1. XRD results of the as-received (a) TiTaHfNb, (b) TiTaHfNbZr, and (c) 
TiTaHfMoZr HEAs. 

Fig. 2. Total ion concentrations in FBS following 1, 7, 14 and 28 days of im
mersion: total concentration of Ti, Ta and Nb ions for TiTaHfNb; total con
centration of Ti, Ta, Nb and Zr ions for TiTaHfNbZr; and total concentration of 
Ti, Ta, Mo and Zr ions for TiTaHfMoZr. Please note that the total ion concen
trations do not include Hf concentration due to its insignificant amount. 
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this non-homogeneous structure of the TiTaHfMoZr may lead to the 
significant amount of Mo release into FBS owing to the relatively lower 
stability of the HEA [15]. Moreover, the non-homogeneous elemental 
distribution during the solidification process leads to dendritic and 
interdendritic regions that consist of heavier and lighter elements [49], 
respectively, and these two distinct regions can be clearly seen in the 
back scattered electron (BSE) images of TiTaHfMoZr taken before the 
immersion tests (Fig. 5 (c) and (d)). Please note that the dentritic 
structures were not detected in TiTaHfNb and TiTaHfNbZr [49] by SEM 
and EDX as can be seen in Fig. 5 (a) and (b), and thus, only SEM images 
of the TiTaHfNb and TiTaHfNbZr HEAs are provided herein. The BSE 
image is provided for the TiTaHfMoZr HEA to show its 
non-homogeneous microstructure. This non-homogeneous elemental 
distribution did not prevail in the other two HEAs, indicating that it can 
be associated with the chemical bonding energy difference between Mo 
and Nb. However, pinpointing the exact cause remains beyond the scope 
of the current work and requires further elaboration. 

As for the TiTaHfNb and TiTaHfNbZr HEAs, the total ion concen
trations in FBS samples upon the immersion of these HEAs increase for 
the first 7 days, then decrease during the next seven days (14th day of 
immersion), and then increase concomitant with the number of days 
until the 28th day of the immersion tests (Fig. 2). It is important to note 
that the Ti ion concentration detected in the FBS samples upon im
mersion of these two HEAs in them follows the same trend (Figs. 2 and 
3). The increase in the Ti ion concentration found in FBS samples 
following the first 7 days is associated with the Ti-oxide layer dissolu
tion, mainly due to the significant amount of Ti release, while its 
decrease within the next seven days indicates the reformation of the 
oxide layer, which evidences the presence of a dissolution-reformation 
cycle for the TiTaHfNb and TiTaHfNbZr HEA alloys within the first 14 
days [40]. Accordingly, the thickness of Ti oxide layer may decrease as 
the Ti concentration in FBS increases after the 14th day of immersion. 

In order to further validate these arguments, surface morphologies 
and the corresponding elemental compositions of the TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr HEAs immersed in FBS for 28 days were 
investigated utilizing SEM and EDX (Fig. 6). Accordingly, 25.73 at.%, 
7.48 at.% and 13.69 at.% O was detected on the surfaces of TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr HEAs, respectively, indicating a passive 
oxide layer formation on all these surfaces upon immersion in FBS. In 

order to gain further insight and detailed information regarding the 
passive oxide layer formation on these three HEAs upon immersion in 
FBS, XPS analysis was implemented to investigate the surface layer 
properties and elemental compositions of the samples immersed in FBS 
for 28 days. To begin with, the surface of the TiTaHfNb contains mainly 
O1s (34.3 at.% at etch time = 0), which evidences oxide layer formation 
following a 28-day immersion in FBS, in addition Ca3(PO4)2 (6.1 at.%) 
and metal phosphate (5.7 at.%), indicating the natural formation of 
bone-like apatite (Fig. 7(a)), which is of utmost importance in terms of 
biocompatibility of an orthopedic implant material. It should be noted 
that Ca and P deposition on the TiTaHfNb surface facilitates hydroxy
apatite formation, which enhances biocompatibility by establishing a 
binding between the bone and the implant material. Specifically, the 
layer of bone-like apatite, which is composed of Ca3(PO4)2 and metal 
phosphate, was observed from the etch time of 0 s–360 s in TiTaHfNb 
sample that was immersed in FBS for 28 days. The bone-like apatite 
layer on TiTaHfNb indicates high biocompatibility of this HEA following 
only a 28-day immersion in FBS, and this binding layer is expected to be 
thicker following longer periods of contact with FBS. At etch time = 360 
s, the contents of Ca and P were 1.2 at.% and 0.6 at.%, respectively, 
which were replaced by metals and their oxides upon further etching 
(Fig. 7(a)). It should be noted that the change of elemental contents were 
presented with respect to etch time rather than depth in Fig. 7. There are 
methods to calculate the depth based on etch time following ion etching, 

Table 2 
Metal ion release from the TiTaHfNb, TiTaHfNbZr, and TiTaHfMoZr HEAs 
following the static immersion experiments in FBS for 28 days. Please note that 
the total ion concentrations do not include Hf concentration due to its insig
nificant amount.   

Ti (ppb) Ta (ppb) Nb (ppb) Mo (ppb) Zr (ppb) 

TiTaHfNb 309.32 1.14 0.87 – – 
TiTaHfNbZr 347.24 9.34 29.86 – 10.76 
TiTaHfMoZr 184.93 9.45 – 162.49 4.39  

Fig. 3. Ti concentration in FBS solution upon immersion of TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr samples in it for 1, 7, 14 and 28 days. 

Fig. 4. (a) Concentration of Nb ions released from TiTaHfNb and (b) 
TiTaHfNbZr into FBS solution, and (c) concentration of Mo ions released from 
TiTaHfMoZr into FBS solution upon static immersion for 1, 7, 14 and 28 days. 
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such as angle-resolved XPS (ARXPS) [50], however; these methods are 
not reliable in many cases, especially when the oxide layer is thin [51], 
and thus, the XPS data is presented in terms of etch time herein. 

These observations are also supported by the binding energies pre
sented in Fig. 8, such that the O1s peak is located at 530.6 eV binding 
energy at etch time = 0 (Fig. 8(a)), the Ca2p is located at 347.6 eV and 
351.1 eV binding energies for Ca2p3 and Ca2p1, respectively (Fig. 8(b)), 
indicating the calcium oxidation states present in a hydroxy apatite (HA) 
layer on the surface of the TiTaHfNb HEA following a 28-day immersion 
in FBS [52–54]. In addition to the Ca peaks, the P peaks observed at 
133.4 eV and 134.2 eV binding energies indicate the existence of P on 
the surface layer, and thereby the existence of different amorphous 
compounds such as Ca(H2PO4)2 [52] (Fig. 8(c)). Finally, proteins in FBS 
apparently led to a high C content on the TiTaHfNb surface (etch time =
0), and C could be detected even after etching for 480 s: particularly, C1s 
peaks exist from the etch time = 0 s to the etch time = 480 s (Fig. 7(a)), 
and the corresponding C1s peaks are located at 285.5 eV and 288.2 eV 
binding energies of CO2 and C. The carbon content at 288.2 eV binding 
energy mainly shows that C and N signals stem from proteins in the FBS 
[41] (Fig. 8(d)). As such, the protein adsorption facilitates biocompati
bility by enhancing the binding between human tissue and the implant 
material. 

Quite different results were obtained when Zr was added to the 
TiTaHfNb system to obtain the TiTaHfNbZr HEA: to begin with, the 
surface of the 28-day immersed samples contained O1s (17.0 at.%), P2p 
(0.4 at.%), and C (balance) on the surface at etch time = 0 s without 
metallic content (Fig. 7(b)). At etch time = 120 s, P2p disappeared, and 
at etch time = 240 s metals and their oxides were detected. As illustrated 
in Fig. 9, P peaks at 132.9 eV and 134.0 eV binding energies were 
observed, however; no Ca2p peaks were detected at all. Nevertheless, 
the deposition of P2p on the surface layer seems to have just started 
following 28 days of immersion in FBS, which indicates the possibility of 
HA formation on the TiTaHfNbZr HEA surface upon longer contact with 
FBS. When Nb in the TiTaHfNbZr HEA was replaced with Mo in order to 
obtain the TiTaHfMoZr HEA, the passive oxide layer was much thinner 
as compared to the other two HEAs upon immersion in FBS for 28 days. 
Specifically, metals appeared as early as etch time = 120 s (Fig. 7(c)), 
while O1s peak was detected in TiTaHfMoZr with P2p and Ca2p peaks 

on the surface (etch time = 0 s, Fig. 10). The interaction between Ca2p 
and P2p was observed until etch time = 120 s, revealing the formation of 
a thin HA layer on the surface, which may also be improved upon longer 
contact of the TiTaHfMoZr HEA with the FBS. 

In addition to HA layer formation on TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr HEAs, the XPS results also revealed important information 
regarding the Ti-oxide formation on these alloys. The XPS peaks pre
sented in Fig. 11 show that metallic Ti was present from the etch time 
360 s to etch time 1080 s in all three HEAs. In particular, for the 
TiTaHfNb HEA, the Ti2p3/2 peaks at 454.1 eV and 454.0 eV binding 
energies for etch time 360 s and 1080 s indicate the presence of metallic 
Ti on the surface of TiTaHfNb for following 28 days immersion in FBS 
[55] (Fig. 11 (a) and (b)). Similarly, Ti2p3/2 peaks were observed for the 
TiTaHfNbZr HEA at 454.1 eV and 453.9 eV and for the TiTaHfMoZr HEA 
at 454.0 eV and 454.9 eV binding energies for etch times 360 s and 1080 
s, respectively, indicating the presence of metallic Ti on the surface 
following 28 days of immersion in FBS. Consequently, the XPS results 
support the ICP-MS results that demonstrate the initial dissolution of the 
Ti-oxide layer (Fig. 3), such that there is no indication of Ti-oxide layer 
at the etch time 360 s even though it is expected to be present close to 
surface. When the XPS and ICP-MS results are simultaneously evaluated, 
one can conclude that bone-like apatite formation (based on the exis
tence of Ca and P peaks in XPS results) on TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr HEAs following a 28-day immersion in FBS, while a fast 
dissolution of Ti within the first week of the immersion test are evident 
(Fig. 3). Overall, the HA formation on all three HEAs, and especially the 
TiTaHfNb HEA, indicates that these alloys possess a strong potential as 
orthopedic implant materials, while the evidence of 
reformation-dissolution cycles of the Ti-oxide layer warrants further 
investigations prior to drawing solid conclusions on their utility as 
implant materials. 

As a final remark, it should be noted that the mechanical properties 
of the TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs also contribute to 
their biocompatibility. Specifically, the elastic moduli of TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr were measured by nano-indentation as 
112.2 GPa, 131.6 GPa and 158.9 GPa, respectively. These values are 
lower than those of the commonly used implant materials within the 
180–210 GPa range [49], indicating a better mechanical compatibility 

Fig. 5. SEM images of the as-received (a) TiTaHfNb, (b) TiTaHfNbZr, and (c) TiTaHfMoZr. The black arrow in (c) shows darker regions and the white arrow shows 
brighter regions that stem from the non-homogeneous elemental distribution observed in this alloy. (d) The BSE image of the as-received TiTaHfMoZr surface. 
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with the bone. Additionally, the hardness values for these three HEAs 
were measured as 3.5 GPa, 6.5 GPa and 6.6 GPa for TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr, respectively. 

4. Conclusions 

In this work, the biocompatibility of three TiTaHf-based high en
tropy alloys (HEAs), namely the TiTaHfNb, TiTaHfNbZr, TiTaHfMoZr 
alloys, was investigated using fetal bovine serum (FBS) in order to assess 
the effect of proteins on the corrosion of these alloys that are considered 
for potential orthopedic implant applications. The experimental results 
presented herein indicate that the TiTaHfNb HEA exhibits the highest 
corrosion resistance against FBS, as evidenced by the lowest ion release 
from this HEA into the FBS. Moreover, bone-like apatite formation was 
observed following 28 days of immersion in FBS on all three HEAs 

Fig. 6. EDX analysis results of the surface of (a) TiTaHfNb, (c) TiTaHfNbZr, 
and (e) TiTaHfMoZr samples immersed in FBS for 28 days: the corresponding 
SEM images represent the EDX scan areas of the immersed (b) TiTaHfNb, (d) 
TiTaHfNbZr, and (f) TiTaHfMoZr samples. 

Fig. 7. Depth profiles of (a) TiTaHfNb, (b) TiTaHfNbZr, and (c) TiTaHfMoZr 
upon static immersion in FBS for 28 days. 
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Fig. 8. XPS results of TiTaHfNb following 28 days of immersion in FBS at etch time = 0 s: (a) O1s peak, (b) Ca2p peaks, (c) P2p peaks, (d) C1s peaks.  

Fig. 9. XPS results of TiTaHfNbZr following 28 days of immersion in FBS at etch time = 0 s: (a) O1 s peak, (b) P2p peaks, (c) C1s peak.  

Fig. 10. XPS results of TiTaHfMoZr following 28 days of immersion in FBS at etch time = 0 s: (a) O1s peak, (b) Ca2p peaks, (c) P2p peaks, (d) C1s peaks.  
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investigated in this study. More importantly, the current experimental 
findings indicate that the newly developed TiTaHf-based HEAs can 
produce hydroxy apatite on their surfaces upon coming into contact 
with FBS, which not only is a strong indication of their great potential 
for utility in orthopedic implants, but also warrants further investigation 
of their mechanical response and biocompatibility. 
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