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H I G H L I G H T S  

� Static biocompatibility of TiTaHf-based high entropy alloys was investigated. 
� Zr and Nb in the TiTaHf-based samples enhanced corrosion performance. 
� Biomedical potential of TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr was demonstrated.  
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A B S T R A C T   

This paper reports on the corrosion behavior of three TiTaHf-based high entropy alloys (HEAs) in simulated body 
fluid (SBF) and artificial saliva (AS) in order to assess their potential utility as implant materials. Specifically, 
TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs were subjected to static immersion experiments in SBF and AS, 
and both the surfaces of the samples and the immersion fluids were thoroughly examined with the state of the art 
techniques. The experimental results presented herein revealed that the presence of Zr and Nb in the TiTaHf- 
based samples enhanced corrosion performance with reduced ion release and better surface properties, while 
Mo addition resulted in an inhomogeneous microstructure, leading to dendrite structures and significant amount 
of ion release upon immersion in both media. Furthermore, a protective passive layer formation or crystallization 
was present on all HEA surfaces, implying that corrosion resistance can be sustained in long-term applications. 
Overall, the set of findings presented herein constitute an early indication of the potential of the TiTaHf-based 
HEAs to be utilized as implant materials.   

1. Introduction 

Discovery of the least chemically active, non-irritating and non-toxic 
materials that can interact with target tissue have made a significant 
contribution to the development of biomaterials [1,2]. Among metallic, 
ceramic and polymeric biomaterials [3,4], metallic alloys emerge as 
more suitable candidates for applications aimed at repairing and sup
porting damaged bone tissue [5,6]. Therefore, metals are commonly 
preferred in orthopedic implants and orthodontic practices to support 
failed tissue as temporary and permanent implants [7,8]. Specifically, 
stainless steels, CoCr alloys, and Ti-based alloys constitute the primary 
choices of metallic biomaterials owing to their enhanced mechanical 
properties, which are beneficial for implantation applications of hard 
tissue such as knee joint, hip joint and dental implants [6,9,10]. 

Nevertheless, problems, such as toxic ion release, wear, or elastic 
modulus mismatch between an implant and human tissue can bring 
about important setbacks, especially in long-term applications [5,11, 
12]. For instance, two commonly utilized metallic implant materials, 
stainless steel and NiTi shape memory alloy, exhibit a substantial 
amount of Ni ion release into the bloodstream or the tissue they are in 
contact with, leading to adverse side effects [7,10,13,14]. Another 
popular metallic biomaterial, namely the Ti–6Al–4V alloy, poses a 
health risk in long-term usage owing to V and Al ion release with po
tential to harm the nervous system, in addition to possible tissue loss, 
implant loosening, and failure of prostheses facilitated by stress 
shielding effect due to modulus mismatch [15–19]. Consequently, these 
problems compel researchers to seek alternative metallic biomaterials 
with excellent corrosion resistance in aggressive environments [20,21]. 
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Recently, a class of alloys with high corrosion resistance, namely the 
high entropy alloys (HEAs), have attracted significant attention owing to 
their superior mechanical properties [22–26], which is a result of their 
relatively higher configurational entropy and ability to form a single 
solid phase [20,27,28]. HEAs have quickly become strong candidates for 
various engineering applications owing to their high strength and 
hardness [29–33], high thermal stability [34–36], and high fracture 
toughness [37,38], in addition to their excellent corrosion resistance 
[20,35,39]. This unique combination of superior mechanical properties 
are present even at cryogenic temperatures since the high configura
tional entropy stabilizes disarranged solid phases into a single phase [27, 
32,40,41]. Recent studies mainly concentrated on understanding the 
mechanical behavior of HEAs, as well as their microstructural properties 
[30,42–45]. 

In general, utility of metals in biomedical applications has primarily 
negative effects on biocompatibility owing to their corrosion tendency, 
which can damage both the implant, and the surrounding tissue and 
organs [46]. Besides, the pH of the surrounding environment can vary 
easily owing to different factors such as infection, surgery, bacterial 
activities in dental plaques, and acidic food consumption [47–49]. For 
instance, in the presence of pathological diseases, the pH of the oral 
cavity can decrease to a value within the 2.0–3.0 range [50,51]. 
Nevertheless, it is the excellent corrosion resistance exhibited by HEAs 
that makes them attractive for biomedical applications [46]. Thus, some 
scientific work has already been undertaken in order to evaluate the 
corrosion resistance of the HEAs under conditions that simulate the 
aggressive environment provided by the human body [52–55]. The 
current work aims to contribute to this line of research and focuses on 
the investigation of corrosion behavior of HEAs in physiological media 
simulating blood (i.e. simulated body fluid (SBF)) and oral cavity (i.e. 
artificial saliva (AS)). 

Notably, different elemental compositions of HEAs have been 
improved with the addition of Ti due to its high biocompatibility and 
high strength. For instance, some studies on the corrosion behavior of Ti- 
based HEAs showed superior resistance exhibited by these alloys as 
compared to traditionally used biomaterials, such as Ti–6Al–4V [52], 
against aggressive environments such as phosphate buffer saline (PBS), 
NaCl infusion solution, and simulated body solution [52–54]. Specif
ically, Ti–Ta-Hf alloy system was modified by addition of non-toxic late 
transition elements, such as Nb, Zr and Mo, [10,15,56,57] to provide 
enhanced biocompatibility, and TiTaHfNb, TiTaHfNbZr and TiTaHf
MoZr HEAs were prepared and studied in this work. To the best of the 
authors’ knowledge, the current work constitutes the first study focusing 
on the corrosion response of these HEA systems to assess their potential 
use in cardiovascular or oral implants in their bulk form. 

Recent studies on one of Ti–Ta-Hf based alloys, namely TiTaHfNbZr 
alloy, showed that TiTaHfNbZr serves as an effective coating material 
when deposited on NiTi and Ti–6Al–4V substrates [13,58,59]. In 
particular, TiTaHfNbZr coating provided superior wear and corrosion 
resistance in aggressive physiological environments, encouraging 
further assessment of this particular HEA and its derivatives as bio
materials. The current study focuses on the TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr HEAs in their as-cast form in order to evaluate their 
corrosion behavior in bulk form rather than as a coating on another 
metal substrate, such that their utility as an independent biomaterial can 
be assessed. For this purpose, bulk TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr samples were subjected to static biocompatibility experi
ments in SBF and AS, and both samples and the immersion fluids un
derwent a thorough experimental examination in order to reveal the 
corrosion behavior of these materials. The key finding is that the 
TiTaHfNbZr alloy exhibited superior corrosion resistance in both SBF 
and AS, while the TiTaHfMoZr HEA sustained the most corrosion dam
age among all three alloys, and the TiTaHfNb alloy could not tolerate the 
SBF environment well. Overall, the findings presented and detailed in 
the remainder of this paper demonstrate the considerable corrosion 
resistance of these three HEAs, yet also warrant further investigation to 

uncover their potential use as biomaterials. 

2. Experimental procedures 

The HEAs studied in this work were synthesized by arc melting with 
a purity of 99.9%: 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 TiTaHfMoZr compositions were equimolar. The disc- 

Table 1 
Compositions of the AS and SBF utilized in the static immersion experiments.  

Solution Ingredients Amount (g/L) pH 

AS NaCl 0.4 2.3 
KCl 0.4 
CaCl2⋅2H2o 0.906 
NaH2PO4.2H2O 0.69 
Na2S.9H2O 0.005 
Urea 1 

SBF NaCl 8.036 7.4 
NaHCO3 0.352 
KCL 0.225 
K2HPO4.3H2O 0.23 
MgCl2.6H2O 0.311 
1 M HCL 40 mL 
CaCl2⋅2H2o 0.293 
Na2SO4 0.072 
TRIS 6.063 
1 M HCL 0.2 mL  

Fig. 1. XRD results of as-cast (a) TiTaHfNb, (b) TiTaHfNbZr, and (c) TiTaHf
MoZr HEAs. 
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shaped multi-component alloys with a diameter of 50.1 mm and a 
thickness of 6.1 mm were cut by electrical discharge machining (EDM) 
to extract 10 mm � 5 mm x 1 mm bulk samples. Contaminations and 
EDM residue on the bulk sample surfaces were eliminated by mechanical 
polishing (without any change or with only negligible change in thick
ness of the samples). SiC emery papers with various grain sizes ranging 
from 106 to 2.5 μm were used, followed by polishing with 0.30 μm 
alumina slurry until the sample surfaces had mirror-like appearance. 
The bulk samples were cleaned with ethanol and rinsed with de-ionized 
water. After the cleaning procedure, the bulk samples were immersed 
into SBF (pH ¼ 7.4) and AS (pH ¼ 2.3) for 1, 7, 14 and 28 days. The 
solutions were kept at a constant temperature of 37 �C throughout the 
immersion with the aid of an electronically controlled water bath. 

The composition of AS and SBF are provided in Table 1 [60]. Each 
HEA sample was immersed separately in a sealed tube, and the tubes 
were filled with the solutions, where a volume per surface area ratio of 
20 mL/cm2 was arranged [61]. The mass of each bulk sample was 
recorded before and after the immersion test to detect mass gain or loss 
by corrosion. Crystallographic identification of the alloys was accom
plished by X-ray diffraction (XRD) method on a Bruker D2 Advanced 
X-ray diffractometer with a Cu-Kα radiation source operated at 30 kV 
and 10 mA. The incidence angle was about 5� and the acquisition angle 
ranged from 5� to 90�, where each step was processed with a 0.02�
increment. The surface morphology of both untested and tested samples 
was investigated by a Zeiss Ultra Plus field emission scanning electron 

microscope (SEM). Ion release from the bulk samples into the immersion 
fluids was monitored using an Agilent 7700x inductively coupled 
plasma mass spectrometer (ICP-MS). A Thermo-Scientific K-Alpha X-Ray 
Photoelectron Spectrometer (XPS) were utilized to obtain chemical 
content information of from the surface of the samples after immersion 
tests. 

3. Results and discussion 

The XRD patterns of the as-cast TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr alloys are provided in Fig. 1. Accordingly, the TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr HEAs all consist of a single BCC phase, and 
the corresponding lattice parameters are 3.329 Å, 3.340 Å and 3.362 Å, 
respectively, where the peak values were calculated using Bragg’s Law. 
Despite the very limited number of studies on the TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr HEAs, the experimentally determined 
lattice parameters and the peak values are consistent with the literature 
to this point [55,62–64]. 

Surface morphology of the bulk HEAs before the immersion experi
ments were analyzed by SEM, revealing that TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr had a smooth surface prior to immersion tests (Fig. 2). 
However, as seen in Fig. 3 (a), (b) and (c), the SEM micrographs of the 
TiTaHfNb demonstrate a highly corroded surface following 28 days 
immersion in SBF. Fig. 3 (a), (b), and (c) show that TiTaHfNb was 
negatively affected from the SBF environment and the locally intense 

Fig. 2. The SEM images of the untested (a) TiTaHfNb, (b) TiTaHfNbZr and (c) TiTaHfMoZr sample surfaces following polishing.  

Fig. 3. SEM micrographs of the bulk TiTaHfNb sample surfaces following immersion for 28 days - (a), (b), (c): SBF, and (d): AS.  
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corrosion behavior leads to enlargement of the corrosion through the 
thickness as indicated in Fig. 3 (b) and (c), which may result in pitting 
corrosion in long term applications. Indeed, several studies support the 
idea that sulphate and chloride ions present in SBF have significant ef
fects on the corrosion behavior of metallic materials [53,65–69]. Spe
cifically, existence of chloride ions could accelerate corrosion with the 
condition of delicate passivation layer. During corrosion process chlo
ride ions can easily penetrate through the thin layer, giving way to 
pitting corrosion [53,65]. Besides, on TiTaHfNb sample surfaces, the 
vertically advancing corrosion behavior created ditch like structures and 
holes as can be seen in Fig. 3 (b) and (c). Therefore, it can be argued that 
the chloride ions facilitate pitting corrosion, and sulphate ions further 

worsen the corrosion by expanding the pits [69]. Consequently, 
TiTaHfNb cannot tolerate SBF environment since the experimental 
findings clearly indicate pitting corrosion. On the other hand, AS pro
vides a more suitable environment for TiTaHfNb alloy, as evident from 
the lack of a substantially deformed surface that formed when immersed 
in SBF (Fig. 3 (d)). This significant difference between the surfaces of 
TiTaHfNb samples immersed in SBF and AS can be clearly seen in Fig. 3 
(a) and (d). The smoother surface seen in (d) suggests higher corrosion 
resistance of TiTaHfNb against AS than SBF. After all, better surface 
response to AS was observed in TiTaHfNb despite the lower pH degree of 
AS. 

As compared to the TiTaHfNb alloy, the TiTaHfNbZr HEA exhibited a 

Fig. 4. SEM micrographs of the bulk TiTaHfNbZr sample surfaces following immersion for 28 days – (a), (b): SBF; (c) and (d): AS.  

Fig. 5. SEM micrographs of the bulk TiTaHfMoZr sample surfaces following immersion for 28 days – (a), (b): SBF; (c) and (d): AS. Black arrows at (a), (b) and (d) 
indicate darker regions; white arrows indicate brighter regions. 
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more stable behavior in both SBF and AS: as shown in Fig. 4, there is no 
significant corrosion on the surface of the TiTaHfNbZr following im
mersion in SBF and AS, and the material highly resists to both these 
aggressive environments with negligible amount of corrosion. In 
contrast to TiTaHfNbZr, non-homogeneous degradation prevailed on the 
surface of TiTaHfMoZr due to significant amount of Mo ion release. Two 
distinct regions were recognized prior to immersion and following 28 
days of immersion in SBF and AS, as evident from the SEM micrographs 
in Fig. 5 and back scattered electron (BSE) images presented in Figs. 6 
and 7. These two regions were analyzed by EDX and in BSE mode (Figs. 6 
and 7), which coexist as a consequence of nonhomogeneous distribution 
of the components during solidification process that lead to dendritic 
structures [25]. The dendritic regions consist of heavier elements as 
Ta-rich areas were observed within darker regions, which are Zr-rich. 
However, XRD pattern of the TiTaHfMoZr HEA reveals its single BCC 

phase (Fig. 1(c)): while the segregation tendency leads to formation of 
Ta-rich areas, the single BCC-phase formed during solidification, such 
that there is a negligible difference between the lattice parameters of the 
dendritic and inter-dendritic phases [70]. 

As illustrated in Fig. 6 (a) and (b), and 7 (a) and (b), dendrites 
indicate Ta-rich areas with a higher melting point, leading to earlier 
crystallization [71], and Zr-rich areas dominated the inter-dendrite re
gions. This inhomogeneous elemental distribution was brought about by 
the addition of Mo, which presents long “hands-on” time that leads to 
low reduced-activity application during manufacturing process [70]. On 
the other hand, TiTaHfMoZr showed better corrosion resistance in SBF 
environment. The difference between corroded surfaces induced by SBF 
and AS are apparent from Fig. 5 (a) and (c), such that AS induced more 
damage to the surface of TiTaHfMoZr. Thus, one can conclude that 
TiTaHfMoZr performs better in SBF than in AS. Moreover, more ion 

Fig. 6. EDX analysis results of the as-received TiTaHfMoZr sample: (a) nonhomogenous surface of TiTaHfMoZr, (b) EDX of TiTaHfMoZr surface. Green regions 
represent Ta-rich areas, and red regions represent Zr-rich areas; (c) BSE image of the nonhomogenous region. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. EDX analysis results of the TiTaHfMoZr sample following 28 days of immersion in SBF: (a) nonhomogenous surface of TiTaHfMoZr, (b) EDX of TiTaHfMoZr 
surface; Green regions represent Ta-rich areas, and red regions represent Zr-rich areas; (c) BSE image of the nonhomogenous region. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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release from the Zr-rich inter-dendritic phases was prevalent: Specif
ically, the preferred corrosion of inter-dendritic phase over the dendritic 
phase can be attributed to different chemical composition of the den
drites, such that the enhanced dissolution stems from the higher elec
tropositivity of the Zr-rich regions [72]. 

It should be noted that the low pH value of AS, which represents an 
extremely acidic oral cavity in case of any inflammations or metabolic 
activities, has a significant ionization effect on all three HEAs as evi
denced by the surface degradation. SEM micrographs (Figs. 4 and 5) 
demonstrate the aggressive nature of AS and the corresponding corro
sion damage it causes, while supporting data from the ICP-MS experi
ments (Fig. 8) demonstrate the negative impact of AS on the ion release 
behavior of the studied HEAs: the amount of total ion release form all 
three HEAs was much higher in AS at the end of the 28th day as 
compared to the SBF. 

As illustrated in Fig. 8, SBF and AS contain very similar levels of ion 
concentrations after immersion of TiTaHfNb and TiTaHfNbZr samples, 
however; addition of Zr enhances corrosion resistance, such that 
TiTaHfNbZr shows better protection against ion release, as evidenced by 
the less total ion release from TiTaHfNbZr (as compared to TiTaHfNb) 
following the 1st week of immersion in both media. The highest total 

released ion concentrations in SBF and AS were obtained from the im
mersion tests of TiTaHfMoZr (Fig. 8). TiTaHfMoZr showed almost 5 and 
3 times more ion release into the SBF and AS, respectively, while rela
tively small quantity of ions was released from the TiTaHfNb and 
TiTaHfNbZr. This significantly enhanced ion release behavior from the 
former HEA is attributed to Mo replacing Nb in the other two materials: 
apparently, Nb acts as a stabilizer and restricts the quantity of released 
ions from the bulk [54,73,74]. 

On the other hand, cyclically repeated elemental release implies a 
passive layer formation and dissolution over specific time periods [75, 
76]. Specifically, the total ion release from TiTaHfMoZr increased 
within the first 7 days, and then decreased until the 14th day, followed 
by an increased ion concentration up until the end of the 28th day 
(Fig. 8). Consequently, the observed trend between the total ion release 
(Fig. 8) is remarkable and clearly evidences the formation-dissolution 
cycle of a passive surface layer. 

In order to clarify this ambiguity, samples expected to form a passive 
oxide layer were analyzed with XPS. TiTaHfNb, TiTaHfNbZr and 
TiTaHfMoZr were significantly exposed to corrosion in AS without 
highly corroded surface properties observed by SEM in Figs. 3–5, such 
that the results of ICP-MS led to the investigation of the possibility of a 
passive oxide layer formation. Therefore, elemental compositions of 
TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr samples following 28 days of 
immersion in AS were analyzed by XPS. The samples were initially 
etched for 60 s to eliminate organic impurities, then the etching process 
was continued until 3000 s for the TiTaHfNb, TiTaHfNbZr and TiTaHf
MoZr samples. XPS analysis results proved that TiTaHfNb, TiTaHfNbZr 
and TiTaHfMoZr formed a passive oxide layer on their surfaces 
following a 28-day immersion test in AS, and oxides of Ti,Ta,Hf,Nb, Mo 
and Zr were found on the surfaces of the HEAs during the post-mortem 
investigation. It should be noted that the XPS analysis focused on Zr and 
its oxides, mainly because Zr has ability to form a strong and adherent 
passive layer on a material surface [77,78]. As illustrated in Fig. 9, while 
both materials have oxygen on their surfaces, the amount of oxygen 
decreases and the amount of metal increases concomitant with the dis
tance from the surface. As etching moves from the surface to deeper 
layers, oxygen is replaced by metal oxide, which is eventually replaced 
by pure metal elements, as can be seen in Figs. 9 and 10. 

The XPS results showed that oxide layer formation exist for the HEAs 
in both of SBF and AS. However, the higher amount of ion release from 
the HEAs in AS has been observed from the ICP-MS results (Fig. 8), such 
that it is preferred to illustrate the XPS results of the HEAs after 
immersed in AS in order to observe oxide layer formation clearly. Even 
though TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs exhibited higher 
ion release in AS (pH ¼ 2.4) than in SBF (Fig. 8), a healthier (smoother) 
surface appearance was noted following the immersion tests in AS with 
negligible surface degradations as evidenced from SEM images (Fig. 3 
(d)); Fig. 4 (c) and (d); Fig. 5 (c) and (d)). This is attributed to the surface 
layer formation, such that passive layer forming on the surface covers 
the surface deteriorations initially induced by the corrosion. Examina
tion of the XPS results for TiTaHfNbZr and TiTaHfMoZr (Fig. 9 (a) and 
(b)) reveals that oxygen and Zr-oxides predominantly exist on the sur
face up to 300 s etch time, and Zr-metal appears with further etching. 
The XPS spectra of the O 1s and Zr 3d peaks are indicated in Fig. 9 for the 
28-day-immersed TiTaHfNbZr and TiTaHfMoZr in AS to observe layer 
properties on the bulk surfaces. The peak of the O 1s profile as shown in 
Fig. 9(c) is located at 530.6 eV binding energy (BE) for TiTaHfNbZr, and 
530.9 eV and 530.6 eV BE are the peaks for 0 s etch time and 900 s etch 
time of TiTaHfMoZr, respectively (Fig. 9(d)). The O 1s peak locations 
agree well with the depth profiles (Fig. 9 (a) and (b)), such that oxygen 
content prevails on the surface of both HEAs, and the content decreases 
going from the surface to deeper into the bulk. The Zr 3d spectra shown 
in Fig. 9 have doublet peaks of 3d5/2 and 3d3/2 due to spin-orbit-split 
[79], and the energy difference between the doublets is 2.4 eV [80]. 
Four doublets (the couples of Zr3d3/2 and Zr3d5/2) have been obtained 
from the XPS results that can be attributed to four different types of BE of 

Fig. 8. Total ion concentrations of (a) Ti, Ta and Nb released from TiTaHfNb; 
(b) Ti, Ta, Nb and Zr released from TiTaHfNbZr; and (c) Ti, Ta, Mo and Zr 
released from TiTaHfMoZr. The dashed lines represent released Mo ion con
centration upon immersion in SBF and AS following 1, 7, 14 and 28 days. Note 
that the total ion concentration does not include Hf concentration due to its 
insignificant amount. 
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Zr-metal, Zr-oxide and Zr-sub oxides as illustrated in Fig. 9(e)) [80,81]. 
The peaks at 178.2 eV and 180.6 eV binding energy corresponding to Zr 
3d5/2 and Zr 3d3/2, respectively, indicate the presence of metallic Zr 
(Fig. 9(e)), as these peaks are consistent with previously reported 
binding energies of metallic Zr are 178.8 eV [82,83] and 177.93 eV [84] 
for Zr 3d5/2; and 180.33 eV [84] for Zr 3d3/2. On the other hand, 184.0 
eV (Zr 3d5/2) and 181.6 eV (Zr 3d3/2) peaks (Fig. 9 (e)) strongly point out 
to the existence of oxide layer formation on the TiTaHfNbZr surface 
following 28 days immersion in AS. These peaks are close to the binding 
energy of ZrO2 that has been reported as 184.3 eV and 181.9 eV cor
responding to Zr 3d5/2 and Zr 3d3/2, respectively [85]; and 183.7 eV and 
181.3 eV for Zr-oxide (Zrþ2) [80], and 186.60 eV [86,87] for ZrO2. 

The relationship between etch time and surface layer properties is 
presented in Fig. 9(f). The peaks are centered at 182.7 eV BE and 185.1 
eV BE that agree with the oxide layer formation on TiTaHfMoZr surface 
following 28 days of immersion in AS, and these peaks are close to the 
binding energies reported in literature: some studies reported peak 
values of Zr-oxide (Zr3þ) as 182.6 eV and 185.0 eV [80]; and 182.66 eV 
and 185.06 eV [84], corresponding to Zr 3d5/2 and Zr 3d3/2, respec
tively. Consequently, the XPS results confirmed the existence of Zr-oxide 
film on the surface of the HEAs. Moreover, Ti-oxide formation on the 
HEAs surface was investigated by XPS following the immersion tests in 

SBF and AS. The XPS results indicate Ti-oxide formation on the 
TiTaHfNb HEA surface following 28-days immersion in AS (Fig. 10(a)), 
however; there is no indication of Ti-oxide on TiTaHfNb, TiTaHfNbZr, 
and TiTaHfMoZr following 28-days of immersion in SBF; and on 
TiTaHfNbZr, and TiTaHfMoZr following 28 days of immersion in AS. 
The XPS results of the HEA samples immersed in AS are illustrated in 
Fig. 10: Ti-oxide was observed on TiTaHfNb surface following 28-days 
immersion, as evidenced by the higher peak points at etch time 0 s 
(Fig. 10 (a)) as compared to the peaks at the etch time 1080 s in Fig. 10 
(b). Moreover, the doublet peaks of Ti2p spectra in Fig. 10(a) are 
assigned to Ti-oxide formation: for instance, in the case of TiTaHfNb 
immersed in AS the peak of Ti2p3/2 is located at 458.9 eV at etch time 0 s 
(Fig. 10(a)), which is attributed to Tiþ4 on the TiTaHfNb surface and is 
consistent with the literature [88–90]. In comparison, 453.6 eV of 
binding energy is prevalent for Ti2p3/2 at 1080 s etching time (Fig. 10 
(b)), indicating the presence of metallic Ti consistent with the literature 
[90,91]. Consequently, one can conclude that Ti-oxide coexists with the 
other metallic oxides such as Zr-oxide on the TiTaHfNb HEA surface, 
while the metallic Ti prevails at the deeper layers (Fig. 10 (a) and (b)). 
On the other hand, the Ti2p doublets with the binding energies of 
Ti2p3/2, namely 453.3 eV and 453.5 eV for TiTaHfNbZr, and 453.7 eV 
and 453.8 eV for TiTaHfMoZr, are consistent with the peaks of metallic 

Fig. 9. XPS depth profiles of (a) TiTaHfNbZr and (b)TiTaHfMoZr; oxygen peaks of (c) TiTaHfNbZr and (d) TiTaHfMoZr; Zr and ZrO2 peaks of (e) TiTaHfNbZr and 
(f) TiTaHfMoZr. 
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Ti reported in literature [90,91]. Consequently, Ti-oxide contributes to 
the oxide layer forming on the TiTaHfNb HEA surface following the 28 
days of immersion in AS, which, however; was not the case for 
TiTaHfNbZr and TiTaHfMoZr immersed in AS, or TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr immersed in SBF. Overall, these findings 
indicate the formation of a more stable Zr-oxide layer on all HEA sur
faces immersed in both AS and SBF, and an additional Ti-oxide forma
tion on TiTaHfNb immersed in AS. 

This passive film formation is supported by XPS results presented in 
Figs. 9 and 10, as well as the XRD results provided in Fig. 11. The XRD 
results indicated that TiTaHfNbZr shows lower intensity peaks (Fig. 11): 
the Zr addition to TiTaHfNb accelerates the formation of passive layer, 
leading to an amorphous layer. As for the TiTaHfMoZr HEA, it exhibited 
higher peak intensity than the TiTaHfNbZr alloy, which can be attrib
uted to possible Mo precipitation and nonhomogeneous structure of 
TiTaHfMoZr (Figs. 5–7). This passive layer formation on TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr supported by the current SEM micro
graphs, ICP-MS results, XPS results and the XRD data suggests that these 
TiTaHf-based HEAs can sustain long-term corrosion resistance, which, 
however; should be studied in detail before drawing any conclusions 
regarding their biomedical utility. 

4. Conclusions 

Corrosion response of three TiTaHf-based HEAs, namely TiTaHfNb, 
TiTaHfNbZr and TiTaHfMoZr, was inspected employing static immer
sion experiments in simulated body fluid (SBF) and artificial saliva (AS) 
in order to assess the potential biomedical utility of these alloys. As a 
result of immersion experiments that were carried out for periods of 1, 7, 
14 and 28 days, the TiTaHfNb HEA was observed to suffer from pitting 
corrosion in SBF, while it exhibited a healthier surface following im
mersion in AS. The presence of Zr and Nb in the samples were observed 
to enhance corrosion performance with reduced ion release and better 
surface properties as evidenced by the results of the TiTaHfNbZr test 
results. On the contrary, Mo addition resulted in an inhomogeneous 
microstructure (TiTaHfMoZr), leading to dendrite structures and sig
nificant amount of ion release upon immersion in both media. In addi
tion, XPS and XRD results along with the ICP-MS ion release trends 
showed that a passive layer formation was present on all HEA surfaces, 
implying that corrosion resistance can be sustained in long-term appli
cations. Overall, the set of findings presented herein demonstrate the 
potential of the TiTaHf-based HEAs to be utilized as implant materials, 
but also warrant a more detailed analysis of these materials before 
drawing any conclusions. 

Fig. 10. XPS results of TiTaHfNb immersed in AS for 28 days: (a) for etch time 0 s, (b) for etch time 1080 s; TiTaHfNbZr immersed in AS for 28 days: (c) for etch time 
0 s, (d) for etch time 1080 s; and TiTaHfMoZr immersed in AS for 28 days: (e) for etch time 0 s, (f) for etch time 1080 s. 
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