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Abstract 

The present study explores the in vitro and in vivo responses of new multifunctional 

quaternary beta-type TiMoZrTa alloys designed for biomedical implantation. The 

electrochemical resistance to corrosion of the alloys was investigated in vitro, using linear 

potentiodynamic polarization (LPP) and electrochemical impedance spectroscopy (EIS) tests 

in acidified physiological saline solution at 37 oC. The pH was adjusted to 4.0 by adding lactic 

acid in order to simulate the hypoxia stress condition that may occur in the healing process of 

fractures. The biomaterial alloys spontaneously formed a passivation oxide film on their 

surfaces, which remained stable for polarizations up to +1.0 VSCE, and became more resistant 

with the increased amount of Ta in the alloy composition. The animal tests of the quaternary 

Ti-20Mo-7Zr-xTa alloys showed adequate biocompatibility as a tibial implant. Among them, 

the 15% Ta-alloy implant showed the best osseointegration according to the results of the 

biochemical, histological and computed tomography characterizations, and can be considered 

as a potential biomaterial with low elastic modulus (43.6 GPa). 
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1. Introduction 

Titanium-based alloys are used for the manufacture of biomedical implants, mainly for 

bone fixation and replacement, and in dentistry [1-4]. The choice of titanium alloys as implant 

materials is primarily due to their attractive characteristics, namely, good mechanical 

properties, high resistance to corrosion and excellent biocompatibility with biological 

materials. Titanium alloys owe their corrosion resistance to the establishment of passivity, 

that is, to the formation of a very stable oxide film that naturally develops on the surface both 

in the air and in aqueous environments [5-8]. Although this layer functions as a physical 

barrier that greatly hinders the release of metal ions into the surrounding biological tissues, 

small amounts of metal ions are still released from the metallic material [9-13]. This feature is 

related to the formation of the oxide layer [14,15], to transient breakdown and reforming 

events of this film [16-18], and to metal debris [19-21]. In addition, acidification is considered 

detrimental to the stability of the passive regime responsible for corrosion resistance [14].  

The biocompatibility performance of a Ti-based alloy is closely related to its corrosion 

resistance [4,22-24], and the scientific community is making efforts to optimize the 

composition of the alloy [25-36], modify the surface properties [37-44], and replace the 

alloying elements that induce adverse physiological reactions [45,46]. In the search for the 

development of new Ti alloys with optimized corrosion resistance and biocompatibility, the 

β-stabilizing elements are multifunctional candidates with a low elastic modulus closer to that 

of the human bone, high strength and good corrosion resistance that they may ensure 

convenient biocompatibility and osseointegration [47-50]. Recently, improved plasticity and 

strength have been reported for the quaternary alloys Ti-35Nb-2Ta-3Zr [51] and Ti-24Nb-

4Zr-8Sn (Ti2448) [52] compared to the widely used Ti-6Al-4V implant alloy. Thus, the 

elastic moduli of Ti-35Nb-2Ta [51] and Ti-24Nb-4Zr-8Sn [52] are 48 and ∼45 GPa, 

respectively, which are therefore much lower than that of Ti-6Al-4V (110 GPa [53]) and 

closer to that of cortical bone (30 GPa [1]). In addition, these materials exhibit optimized 

corrosion resistance and better biocompatibility and osseointegration than Ti-6Al-4V [54-58].  

More recently, our group also found promising results for Ti-15Mo-7Zr-15Ta in 

Ringer’s physiological solution based on electrochemical characterization [59] while 

presenting a low elastic modulus (52 GPa) [60] and a pronounced hydrophilic character [61]. 

Microstructural characterization of this alloy showed β-phase to be the main component [59], 

therefore demonstrating that stabilization of the β-phase was satisfactorily achieved by adding 

Mo, Zr and Ta to titanium. The 15 wt.% Mo content was chosen to match the amount 
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approved for the manufacture of binary β-Ti alloy implant devices in norm ASTM F 2066 

[62]. On the other hand, an investigation on the effects of Mo content in binary TiMo alloys 

demonstrated that contents higher than 15 wt.% exhibited greater corrosion resistance and the 

formation of a more compact inner oxide layer for enhanced passivity [63].  

This work reports a study of the electrochemical behavior of three Ti-20Mo-7Zr-xTa 

(x = 5, 10, 15 wt.%) alloys with “molybdenum equivalent” ([Moeq], [64]) around 20 [65], 

enough to stabilize the β phase (bcc) in the alloy [66]. The rationale for the variation of the 

tantalum content in the alloys was to explore the potential beneficial effect of this element in 

bone surgery, because it has been shown that tantalum alloys can activate the functionality of 

osteoblasts and matrix mineralization (that is, promoting osseointegration and bone ingrowth) 

[67,68]. Since acidification is considered detrimental to the passive regime of the 

biomaterial [15], as well as to the normal fracture repairing process [69], the first objective of 

this study was to test in vitro the corrosion resistance of the Ti-20Mo-7Zr-xTa alloys in 

physiological saline solution acidified at 4.0 pH value, at 37 oC. Such acidification was 

produced by the addition of lactic acid, to simulate the existing stress condition under 

systemic or local acidosis induced by hypoxia (through reduced perfusion and increased 

anaerobic metabolism), which is capable of generating inflammation and can subsequently 

affect the normal healing of fractures and wounds if persisting for a sufficiently long time 

[70]. The resistance to corrosion was characterized by electrochemical tests, using linear 

potentiodynamic polarization (LPP) and electrochemical impedance spectroscopy (EIS). The 

second objective was to evaluate in vivo the biocompatibility and degradation behavior of the 

quaternary TiMoZrTa alloys by carrying out biochemical, histological and computed 

tomography investigations.  

 

 

2. Materials and Methods 

2.1. Materials and material characterization 

Three quaternary TiMoZrTa alloys have been synthesized by electron beam melting 

method as described in reference [60]. The melting procedure was repeated three times in 

order to obtain the chemically homogenized alloys. Their chemical compositions were 

determined by EDX analysis. A Quanta 200 scanning electron microscope (FEI, Hillsboro, 

OR, USA), operated at an accelerating voltage of 30 kV, and equipped with EDX detector, 

was employed for this purpose. The chemical compositions (wt.%) and “molybdenum 

equivalent” [Moeq] [64] of the quaternary TiMoZrTa alloys are given in Table 1.   
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2.2. Electrochemical characterization 

Modified Fusayama physiological solution was used as the electrochemical test 

electrolyte. It consisted of 0.400 g NaCl, 0.400 g KCl, 0.795 g CaCl2·2H2O, 0.780 g 

NaH2PO4·2H2O, 0.005 g Na2S·9H2O, 1.000 g NH2CONH2, and distilled water up to 1000 mL. 

The pH of this solution was lowered down to 4.0 by adding lactic acid. The pH was measured 

with a CONSORT 831C multiparameter analyser (Turnhout, Belgium). The temperature of 

the simulated physiological environment was maintained at 37 ± 1 oC throughout in vitro 

tests. 

The electrochemical measurements were conducted with a potentiostat model 

PARSTAT 4000 (Princeton Applied Research (PAR), Princeton, NJ, USA). A glass corrosion 

cell kit (C145/170, Radiometer, France) was employed. A sample of the TiMoZrTa alloy was 

connected as the working electrode, a platinum gauze as the auxiliary electrode, and a 

saturated calomel electrode (SCE) as the reference. All potential values reported herein are 

expressed with respect to SCE. The instrument was controlled by a personal computer and 

Versa Studio software®.  

Electrochemical impedance spectra (EIS) were recorded in the 10-2 Hz to 105 Hz 

frequency range applying an alternating potential signal of 0.010 V amplitude. In order to 

enable quantitative analysis of EIS data, an appropriate model for equivalent circuit (EC) 

quantification with ZSimpWin® software was used. Impedance spectra were recorded at 

various times up to 7 days of the alloys exposed to the simulated physiological solution.  

After 7 days exposure, linear potentiodynamic polarization (LPP) tests were initiated. 

First, Tafel measurements were performed from the open circuit potential (EOC) down to (EOC 

– 0.10) V, and then from EOC up to (EOC + 0.10) V, at the rate of 1×10-3 V s−1. From these 

measurements, the zero current potential (ZCP), corrosion current density (jcorr), and Tafel 

slopes (-βc and βa, for the cathodic and the anodic branches, respectively) were determined. 

Next, potentiodynamic curves were recorded by scanning the potential, at the rate of 1×10-3 V 

s−1, from -1.0 VSCE up to +1.0 VSCE. The passive current density (jpass) was determined from 

these plots. PowerCorr® software was employed both to conduct the electrochemical 

operation and to determine corrosion parameters.  

After completing the electrochemical tests, TiMoZrTa samples were retrieved for 

SEM observation and EDX quantification in order to determine any surface changes produced 

by the electrochemical polarization. 
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2.3. Animal testing 

A total of 20 Sprague–Dawley rats, 8 weeks of age, with 200–220 g average body 

weight, were employed for the in vivo evaluation of 1 month duration. The rats were hosted in 

individual cages, with free water and food access, in Iaşi Agronomical and Veterinary 

Medicine University’s Biobase according ISO 10993-2:2006 animal welfare requirements 

[71]. The 20 animals were equally distributed into four groups. The control group consisted of 

rats with no implants. Cylindrical shape alloy samples (3 mm diameter x 4 mm length) were 

implanted as follows: Ti-20Mo-7Zr-5Ta alloy in rats from G1 group, Ti-20Mo-7Zr-15Ta alloy 

in rats from G2 group, and pure titanium (Cp-Ti) in rats from G3 group (positive control). The 

implantation procedure has been described elsewhere [72], and it was performed with the 

agreement supervision of the Iasi Veterinary Medicine Faculty’s Ethics Committee. After 

anesthesia, skin incision and tibial crest exposition, a circular orifice (4 mm diameter) was 

made using stainless steel intramedullary pin drill (see Figure 1). After implantation, daily 

clinical observation was performed.  

 

2.4. Biochemical analysis 

Blood samples were collected by cardiac puncture under anesthetic condition in the 

14th and 28th days post implantation. Calcium, inorganic phosphate, alkaline phospatase 

(ALKP) and total proteins (TP) were determined in blood serum with a BS-130 Auto 

Chemistry automatic analyzer (Golden Harvest Industries, Nagar, Chennai, Tamil Nadu, 

India) by using specific kit tests. The results were statistically processed by using unpaired 

Student test, with p < 0.05 statistically significant.  

 

2.5. Histological analysis 

The preliminary processing of histological samples was described elsewhere [73].  

Thick coronal sections (5-6 μm) of the callus central area, from the defect site, were stained 

with hematoxylin-eosin (HE method) and with periodic acid–Schiff (PAS method) according 

to the general procedure for histological investigations [74]. The stained sections were 

microscopically evaluated by light microscopy with 100-1000× magnifications. 

 

2.6. Computed tomography analysis 

X-ray computed tomography was performed with a Siemens Somatom Balance CT 

scanner (Erlangen, Germany) on rats of each group that were previously anesthetized using 4 
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mg Xylazine + 100 mg Ketamine, given by intramuscular injection. 3D and 2D -images were 

processed with 2.21 Syngo fastView software. 

 

 

3. Results  

3.1. Electrochemical characterization 

In order to obtain information about the characteristics of the electrochemical 

processes that occur at the interface between the TiMoZrTa alloys and the acidified 

physiological solution, electrochemical impedance spectroscopy (EIS) tests were performed at 

different immersion times in the test solution ranging from 1 hour to 7 days. Figure 2 shows 

the recorded impedance spectra in the form of Nyquist (complex versus real components of 

the impedance; A,C,E) and Bode (impedance modulus and phase angle versus frequency 

diagrams; B,D,F) diagrams. The Nyquist diagrams display two depressed pseudo-capacitive 

semicircles at all times. The high-frequency semicircle can be related to the double 

electrochemical layer developed on the surface of the metallic material, while the low-

frequency semicircle can be associated with the passive layer formed on the surface of the 

alloys. Therefore, an increase in the diameter of the semicircle correlates with a decrease in 

the corrosion rate of the material. Over time, the tendency of change in the Nyquist plots 

evidenced that the corrosion resistance of all TiMoZrTa alloys increased. 

The electrochemical behavior of the three alloys was further investigated using linear 

potentiodynamic polarization techniques. First, semi-logarithmic plots were recorded between 

-1.0 and +1.0 VSCE after immersing the samples for 7 days in the simulated physiological 

solution at 37 oC. Figure 3 depicts typical polarization curves for the three TiMoZrTa alloys. 

The values of the zero current potential (ZCP) and the corrosion current (jcor) were determined 

by Tafel analysis of the anodic and cathodic branches of the polarization plots, as shown in 

the inset provided in Figure 3. The ZCP is defined as the potential at which the current 

reaches a minimum during the forward potentiodynamic polarization scan. The corrosion 

current is representative of the degree of degradation of each sample. The average ZCP and 

jcor values determined from the polarization curves measured for at least 3 samples for each 

alloy are presented in Table 2.  

The samples were recovered at +1.0 VSCE after completing the electrochemical tests in 

the acidified simulated physiological solution, and they were subjected to surface morphology 

and composition analysis to evaluate the combined effect of the environment and electric 
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polarization in the samples. Figure 4 shows characteristic SEM micrographs and EDX 

observation of the retrieved TiMoZrTa samples.  

 

3.2. Biochemical characterization 

The main blood biochemical markers in rats with tibial implants were determined at 

14 and 28 days after implantation. Similar tests were performed for the rats in the control 

group, that is, without implantation. Table 3 lists calcium (Ca), inorganic phosphate, alkaline 

phosphatase (ALKP) and total proteins (TP) determined from blood serum for control and 

experimental groups.  

The serum calcium ion concentration at 2 weeks after implantation showed a decrease 

in all groups compared to the values of the normal group. There were statistically significant 

hypocalcemiae decreases (p < 0.05; n = 5) in the case of the G3 group, with pure titanium 

implant, as well as in the case of G1 and G2 groups, with quaternary TiMoZrTa alloys 

implants. But statistically insignificant variations (p > 0.05; n = 5) were found when the 

experimental groups were compared between them. In the 28th day after implantation, the 

value of the serum calcium ion concentration was statistically insignificant only in the case of 

the group G2 (i.e., with the Ti-20Mo-7Zr-15Ta alloy implant) and G3 group (with the pure 

titanium implant, Cp-Ti) as compared with the normal group. The reduction of the serum 

calcium ion variations by approaching the normal values is induced by osteoclast activation 

that will strengthen the recovery of the bone tissue recovery in the later stages of remodeling 

[75]. 

The values of the inorganic phosphate concentration in serum showed different modes 

of variation in the experimental groups compared to the control group. Thus, in the case of the 

G3 group with pure titanium implant (positive control), group G1 (with Ti-20Mo-7Zr-5Ta 

alloy implant) and group G2 (with Ti-20Mo-7Zr-15Ta alloy implant), significant 

hypophosphatemia (p <0.05; n = 5) was recorded at 2 weeks after implantation. After 4 weeks 

implantation, the serum inorganic phosphate approached the normal values only in the case of 

the G2 group (with Ti-20Mo-7Zr-15Ta alloy implant). These variations confirm the ability of 

inorganic phosphate to function as a specific biomarker by highlighting the main stages repair 

of bone fractures [76,77]. 

Finally, the activity values of ALKP in relation to the total protein content at 2 weeks 

after implantation showed an increase in the experimental groups. In the case of group G3 

with Cp-Ti implant (positive control), a slight insignificant increase was registered at the 14th 

day post implantation. Conversely, both experimental groups with quaternary TiMoZrTa alloy 
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implants showed greater increases, statistically more significant (p < 0.05; n = 5) in the case 

of group G2 (Ti-20Mo-7Zr-15Ta alloy implant) than for group G1(Ti-20Mo-7Zr-5Ta alloy 

implant). The observed decreasing trend of the alkaline phosphatase activity at the 28th day 

(as compared with the 14th day after implantation) was highly statistically significant (p < 

0.001; n = 5) in the case of group G2 (Ti-20Mo-7Zr-15Ta alloy implant), very statistically 

significant (p < 0.01; n = 5) for the group G1 (Ti-20Mo-7Zr-5Ta alloy implant), and 

significant (p <0.05; n = 5) in the case of the group G3 (Cp-Ti implant). This fact evidences a 

normal evolution of the bone fracture with a resorption stage at the background of a relatively 

constant bone formation rate, which is controlled by the transformation of the osteoblasts into 

osteocytes, and the subsequent activation of the osteoclasts [78-80]. 

 

3.3. Histomorphometry characterization 

Figures 5-7 show representative images of the histological investigation of the osseous 

tissue of rats with tibial implants after either 14 or 28 days of healing. In the case of the G1 

group, which consists of rats with Ti-20Mo-7Zr-5Ta alloy implant, peripheral-induced 

ongoing repairing phenomena are observed on the 14th day implantation (see Figure 5A-B). 

The image shows numerous macrophages with phagocytized wear pigments staining brown, 

which are oriented to surround the old bony necrotic areas (staining dark purple). On day 28 

after implantation, the images in Figures 5C-D show the newly formed osteoid tissue 

surrounded by a fibrous background, the osteoblasts lining the spicules of woven bone, and a 

few osteocytes in lacunae (with higher staining affinity). 

Similarly, Figure 6A-B shows the biological response for the group G2 (with the Ti-

20Mo-7Zr-5Ta alloy implant) on the 14th day after implantation. Areas of bone necrosis 

(stained dark violet) are surrounded by numerous macrophages loaded with phagocytized 

wear pigments (stained brown). The inflammatory reaction  determined the aggregation of the 

fibrous connective tissue that contains mono- and polymorphonuclear inflammatory infiltrate. 

In the bone tissue, nearby the implant, large trabeculae containing a fairly small amounts of 

osteoblasts are evident. The presence of some apoptotic osteocytes can already be noticed 

inside the lacunae. On day 28 after implantation, Figure 6C presents the appearance of the 

new bone tissue with a roughened rock-like surface, while Figure 6D highlights the mini-

remodeling of the new osseous matrix with two different origins, namely, the areas of less 

intense color represent the osseous matrix secreted by the osteoblasts adjacent to the bay 

bone, while the areas of more intense color areas are cartilage matrices containing type II 

collagen and chondroitin sulphate glycoproteins.   
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In the case of group G3 with Cp-Ti implant (positive control), on the 14th day after 

implantation, red blood cells from bone marrow surrounding the necrotic bone area can be 

observed (see Figure 7A-B). The images recorded at day 28 after implantation given in Figure 

7C-D, show numerous osteoblasts that synthesize the collagen matrix I (lighter colored areas), 

whereas the old mature bone is represented by the darker colored areas. The onset of bone 

mini-remodeling phenomena is evidenced by the simultaneous observation of osteoclasts and 

nucleated osteocytes.  

 

3.4. Tomography characterization 

 Computed tomography (CT) allows a non-invasive and accurate evaluation of the 

process of biodegradation of the implant [81], highlighting at the same time the main stages of 

the fracture recovery process [82,83]. Figure 8 presents 3D and 2D reconstructed images of 

CT investigations performed on rats from each experimental group. Regarding the in vivo 

biodegradability/corrosion of the implants tested, the structural integrity of the implant was 

preserved significantly in the case of the Ti-20Mo-7Zr-15Ta alloy implant, as evidenced by 

the intensity of the blue coloration in Figure 8B as a proportional measure of the hardness of 

the biomaterial hardness. On the other hand, the Ti-20Mo-7Zr-5Ta alloy implant in Figure 8A 

showed a significant deterioration of the structure compared to the control of the cp-Ti 

implant (cf. Figure 8C). In addition, Figure 8B also shows that there was an increase in the 

area with the blue color and in the color intensity related to the tibial bone tissue (i.e., 

highlighting both the activation of the osteoblasts activation and mineralization of the matrix) 

in the case of the Ti-20Mo-7Zr-15Ta alloy implant. This fact evidences that a higher content 

of Ta in the alloy can ensure a better promotion of osseointegration and bone ingrowth.  

 

 

4. Discussion 

4.1. In vitro corrosion resistance testing 

The corrosion resistance of quaternary TiMoZrTa alloys was investigated on the basis 

of the electrochemical tests carried out for these materials during the immersion in acidified 

simulated physiological solution at 37 ºC. The electrochemical impedance spectra exhibit two 

time constants at all elapsed times, one corresponding to the thin native oxide film, and the 

other to the charge transfer process that occurs at the surface of the alloys. Therefore, the 

corrosion resistance of the TiMoZrTa alloys was due to the formation of a protective 
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passivating oxide layer. The stronger the passive layer is, the greater the resistance to 

corrosion achieved by the underlying metal.  

Quantitative data to assist in the interpretation of EIS results can be obtained by using 

an electrical analog that represents the physicochemical processes occurring on the surface of 

the alloys. This is achieved by fitting an equivalent circuit (EC) to the experimental EIS data. 

The best fit between the calculated and experimental data was obtained using the equivalent 

circuit depicted in Figure 9. This EC describes a two-layer oxide film, consisting of an 

unsealed outer porous layer and a compact inner layer [5]. The resistance to corrosion 

conferred by the passive layer formed on the metal arises mainly from the compact inner layer 

that acts as a physical barrier that prevents direct contact between the metal and the species 

contained in the solution phase. The model consisted of Rsol (solution resistance) associated in 

series to the two parallel constant phase element/resistor pairs, Q1/R1 and Q2/R2, where the 

subscripts 1 and 2 designate the time constants found in the ranges of low and high frequency, 

respectively. The parameters R2/Q2 corresponds to the barrier characteristics of the oxide film 

towards electrolyte penetration that dominates the impedance response in the low frequency 

range, while R1/Q1 are the parameters related to the charge transfer process at the surface of 

the alloys (i.e., the actual corrosion process). The impedance values extracted from the spectra 

in the medium to low frequency ranges for the three quaternary TiMoZrTa alloys at their open 

circuit potential, indicated large polarization resistances for these systems (cf. Table 4). This 

feature is consistent with the two-layer model of a surface film with two time constants under 

consideration. 

 The use of a constant phase element (CPE, Q) was required due to the occurrence of a 

non-ideal distributed relaxation characteristic, which is observed as a depressed semicircle in 

the Nyquist plots. This distributed parameter in the EC contains a non-integral power 

dependency in the frequency [84]. The impedance of the CPE element is given by: 

                    
( )nCPE
jωQ

1
Z =         (1) 

where Q is the magnitude of the CPE, ω the angular frequency, j the imaginary complex 

number (-1)1/2, and the n value indicates the nature of the element (n = 0 corresponds to a 

resistor, and n = 1 means that the CPE behaves as a pure capacitor). The values were always 

greater than 0.8, which can indicate passive layers with a rather smooth surface. 

The presence of a protective passive layer provided the high corrosion resistance of 

these TiMoZrTa alloys in acidified artificial saliva solution at pH = 3.5. Indeed, the 

contribution of the charge transfer resistance in the impedance data is considered almost 
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negligible for all TiMoZrTa alloys. Furthermore, it can be observed in Table 4 that the value 

of the passive layer resistance obtained at open circuit potential, R2, increases with [Moeq]. 

This fact demonstrates that the passive layer formed spontaneously in TiMoZrTa alloys 

becomes more resistant when the amount of Ta in the quaternary alloy increases. In summary, 

EIS analysis leads to the observation that the corrosion resistance of Ti-based alloys immersed 

in acidified artificial saliva was improved with the addition of β-stabilizing elements. It is 

concluded that the additions of the β-stabilizing elements had a positive contribution to the 

formation of the passive oxide film.  

Low corrosion current density values were obtained from the potentiodynamic 

polarization curves (LPP) for all the samples investigated in the acidified simulated 

physiological environment. The anodic polarization curves exhibited a typical passive region 

up to +1.0 VSCE for all TiMoZrTa alloys, a more positive value than the highest recorded in 

the human body so far [85]. Therefore, the high alloying addition of tantalum, which increase 

[Moeq] to TiMoZrTa alloys, has been clearly shown to reduce the dissolution rate of 

TiMoZrTa alloys.  

The electrochemical characterization findings are supported by the SEM images of the 

samples recovered from the in vitro tests, since they show a fairly uniform topography for all 

the samples, while the chemical analysis indicates the occurrence of a uniform oxidation 

process in the surface. No evidence of passive layer breakdown and propagation was found in 

any of the samples investigated.  

 

 

4.2. In vivo osseointegration testing 

In summary, our in vivo investigations highlighted an intrinsic link between the 

metabolic changes, the results of histological analysis and the computer tomography 

investigations occurring in the bone fracture repairing process as derived from the 

implantation of cylindrically-shaped samples in the tibiae of Sprague-Dawley rats. 

In general, these histological images captured the main recovery stages of principal 

bone evolution reported in rats  [86,87], confirming the multifunctional capacity of Ta to 

activate the functionality of osteoblasts and the mineralization of the osseous matrix in order 

to promote osseointegration compared to pure titanium. These observations were also 

confirmed by computed tomography, with the Ti-20Mo-7Zr-15Ta alloy implant exhibiting the 

highest osteoblast activation as well as the matrix mineralization. In addition, analysis of 

blood serum at 2 and 4 weeks of implantation indicated a good rate of bone formation with a 
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faster acquisition of biomarkers values closer to control non-implanted animals in the case of 

the individuals implanted with the Ti-20Mo-7Zr-15Ta alloy.  

 

4.3. Concluding remarks 

Previous reports focused on the microstructure and mechanical properties of 

quaternary TiMoZrTa alloys with [Moeq] around 20, and showed that these materials exhibit 

very attractive properties to be considered potential candidates for implant applications. 

Namely, they present the elasticity modulus values closest to the human bone reported thus 

far (namely, 43.6 GPa for Ti-Mo-7Zr-15Ta) while increasing mechanical strength (e.g., 

hardness 397.56 HV and stiffness 3.20 N μm-1) [60]. Secondly, the addition of Mo and Ta 

contributed greatly to stabilize the β phase, while the eventual formation of the α phase could 

not be detected from XRD data [59]. Thirdly, thermal analysis showed stable behavior within 

the temperature range a biomaterial works in the human body [61]. And they have a 

pronounced hydrophilic character indicated by a H2O contact angles close to 56º [61].   

On the other hand, the electrochemical characterization of the TiMoZrTa alloys 

carried out in this work has shown that they exhibit high resistance to corrosion while 

immersed in acidified simulated physiological solution at 37 ºC due to the formation of a 

bilayer passive oxide film at the OCP. Passive films remain stable within the potential range 

that can be achieved in the human body even in inflammatory and surgical stages. It can be 

concluded that the additions of the β stabilizing elements had a positive contribution to the 

formation of the passive oxide film.   

In addition, animal testing of TiMoZrTa alloys showed adequate biocompatibility as a 

tibial implant in rats based on biochemical, histological and computed tomography 

characterizations. Among them, the 15% Ta-alloy implant showed the best osseointegration 

and the highest resistance to corrosion. 

Therefore, the results obtained in this study of a combined in vitro and in vivo 

characterization methodology demonstrate that multifunctional quaternary TiMoZrTa alloys 

are potential materials for the manufacture of biomedical implants due to their superior 

corrosion resistance and osseointegration characteristics compared to pure titanium.  

 

 

5. Conclusions 
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The development of passivity for the three TiMoZrTa alloys after immersion in an 

acidified simulated physiological solution with pH = 4.0 was confirmed from electrochemical 

impedance (EIS) and linear potentiodynamic polarization (LPP) measurements. The EIS 

results show that the passive oxide film formed in the alloys is rather compact, characteristic 

for a sealed inner oxide layer that effectively acts as a barrier film towards the dissolution of 

the metal, and an outer more porous and thicker oxy-hydroxide layer. This bilayer film 

ensures an optimized corrosion resistance to these alloys. The LPP results are consistent with 

the trends observed in the EIS tests.  

The addition of Ta in TiMoZrTa at high Ta contents (15 wt.%) induces the formation 

of a more compact oxide layer. This study demonstrated the importance of the different 

[Moeq] contents in the resistance to corrosion and the electrochemical behavior of TiMoZrTa 

alloys. 

The Ti-20Mo-7Zr-15Ta alloy presented a very good biocompatibility as tibial implant 

according to the results of biochemical, histological and computed tomography investigations 

compared to pure titanium. Enhanced bone formation was observed, leading to improved 

integration in rat tibia. 
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Figure 1.  Main surgical stages followed for the tibiae implantation in Sprague–Dawley rats. 

 

 

Figure 2.  (A,C,E) Nyquist and (B,D,F) Bode plots for the quaternary TiMoZrTa alloys 

immersed in aerated acidified simulated physiological solution at 37 oC for different 

immersion times. The solid lines and the discrete points correspond to the fitted and the 

measured data, respectively. (A,B) Ti-20Mo-7Zr-5Ta, (C,D) Ti-20Mo-7Zr-10Ta, and (E,F) 

Ti-20Mo-7Zr-15Ta. 
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Figure 3. Linear potentiodynamic polarization curves measured for the quaternary TiMoZrTa 

alloys after 7 days immersion in acidified simulated physiological solution at 37 oC. The inset 

shows the application of Tafel analysis to the LPP data measured for Ti-20Mo-7Zr-15Ta 

alloy. 
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Figure 4. Representative (A,C,E) SEM and corresponding (B,D,F) EDX observations of 

quaternary TiMoZrTa alloys retrieved at +1.0 VSCE from acidified simulated physiological 

solution at 37 oC after completing the linear potentiodynamic polarization tests. Alloys: (A,B) 

Ti-20Mo-7Zr-5Ta, (C,D) Ti-20Mo-7Zr-10Ta, and (E,F) Ti-20Mo-7Zr-15Ta. 
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Figure 5. Hystology sections of osseous tissue at (A,B) 14 and (C,D) 28 days implantation in 

a rat from G1 group (with Ti-20Mo-7Zr-5Ta alloy implant). (A) Bone necrosis (HE stain, 

×60); (B) peripheral ongoing repairing process (PAS stain, ×100); (C) osteoid tissue 

surrounded by a fibrous background (PAS stain, ×200); (D) osteocyte lacunae (with bigger 

staining affinity) in the remodeled area (PAS stain, ×900). 
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Figure 6. Hystology sections of osseous tissue at (A,B) 14 and (C,D) 28 days implantation in 

a rat from G2 group (with Ti-20Mo-7Zr-15Ta alloy implant). (A) Bony necrotic area (dark 

violet) surrounded by numerous macrophages with brown phagocytized wear pigments (HE 

stain, ×900); (B) fibrous connective tissue, with  mono- and polymorphonuclear inflammatory 

infiltrate (HE stain, ×400); (C) newly bone tissue with a rocklike roughened surface (HE 

stain, ×400); D) mini-remodelation of the new osseous matrix (HE stain, ×900). 
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Figure 7. Hystology sections of osseous tissue at (A,B) 14 and (C,D) 28 days implantation in 

a rat from G2 group (with Ti-20Mo-7Zr-15Ta alloy implant). (A) Bony necrotic area (HE 

stain, ×100); (B) blood cells in bone marrow (HE stain, ×100); (C) osteoblasts (lighter 

coloured areas) synthesizing the collagen matrix I (HE stain, ×400); D) osteoclasts and 

nucleated osteocytes (HE stain, ×400). 
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Figure 8. 3D&2D reconstructed images of computed tomography (CT) analysis. Implant 

group: (A) in a rat from group G1 (with Ti-20Mo-7Zr-5Ta alloy implant); B) in a rat from 

group G2 (with Ti-20Mo-7Zr-15Ta alloy implant); and (C) in a rat from group G3 (with cp-Ti 

implant). 

 

 

 

 

Figure 9. Equivalent circuit (EC) used for the interpretation of the measured impedance 

spectra. 
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Table 1. Chemical compositions (wt.%) and “molybdenum equivalent” [Moeq] [64] of the 

quaternary TiMoZrTa alloys. 

Alloy Composition / wt.% [Moeq]
 

Ti-20Mo-7Zr-5Ta Ti-19.8-Mo%-6.8Zr%-4.9%Ta 21.1 

Ti-20Mo-7Zr-10Ta Ti-20.2-Mo%-6.7Zr%-9.9%Ta 22.2 

Ti-20Mo-7Zr-15Ta Ti-20.4-Mo%-7.1Zr%-.14.8%Ta 23.3 

 

 
 
Table 2. Mean and standard deviation values of main electrochemical parameters determined 

from potentiodynamic polarization curves for quaternary TiMoZrTa alloys after 7 days 

immersion in acidified simulated physiological solution. 

Alloy ZCP / VSCE 
-βc / V 

decade-1 
βa / V 

decade-1 
jcor / μA cm-2 jpas

* / μA cm-2 

Ti-20Mo-7Zr-5Ta 
-0.454 (0.026) 

0.151 
(0.011) 

0.199 
(0.014) 1.8 (0.6) 54 (8) 

Ti-20Mo-7Zr-10Ta 
-0.425 (0.021) 

0.156  
(0.010) 

0.191 
(0.012) 1.2 (0.4) 32 (4) 

Ti-20Mo-7Zr-15Ta -0.388 (0.017) 0.149 
(0.010) 

0.189 
(0.011) 0.8 (0.3) 18 (2) 

 *Values determined at +0.3 VSCE 

 
 

 
Table 3. Biochemical markers determined from the blood serum in rats without and with 

bone (tibiae) implant. 

Experimental Group / Implant material 

G1 / 
Ti-20Mo-7Zr-5Ta alloy  

G2 / 
Ti-20Mo-7Zr-5Ta 

alloy  

G3 / 
Cp-Ti  

 
Parameter 

Control 
group  

14th day  28th day  14th day  28th day  14th day  28th day  

 Ca /  
mg dL-1 
 

11.56 
± 

0.897 

9.22 
± 

0.932 

10.86 
± 

0.924 

9.11 
± 

0.101 

11.44 
± 

0.888 

9.44 
± 

0.991 

11.32 
± 

0.952 
Inorganic 
Phosphate / 
mg dL-1 

10.11 
± 

0.920 

7.23 
± 

0.634  

8.84 
± 

0.821 

8.0 3 
± 

0.762 

9.78 
± 

0.820 

7.65 
± 

0.533 

8.66 
± 

0.915 
(ALKP/TP) 
/ U g-1 
 

1.34 
± 

0.164 

1.84 
± 

0.770 

1.44 
± 

0.160 

1.99 
± 

0.188 

1.39 
± 

0.138 

1.86 
± 

0.202 

1.52 
± 

0.166 



 30

 
Table 4. Electrochemical parameters extracted from impedance spectra through modelling 

experimental data for quaternary TiMoZrTa alloys in acidified simulated physiological 

solution after different immersion times to the equivalent circuit containing two time 

constants shown in Figure 9. 

Alloy Immersion time 
Q1 / 

mS cm-2 sn 
n1 

R1 / 

kΩ cm2 

Q2 / 

μS cm-2 sn 
n2 

R2 / 

kΩ cm2 

1 hour 17 0.80 1.6 0.22 0.81 42 

1 day 17 0.81 1.8 0.22 0.81 46 

Ti-20Mo-7Zr-5Ta 

7 days 16 0.82 1.9 0.21 0.82 54 

1 hour 15 0.81 3.1 0.21 0.82 51 

1 day 15 0.81 3.4 0.21 0.82 55 

Ti-20Mo-7Zr-10Ta 

7 days 15 0.82 3.9 0.19 0.83 61 

1 hour 12 0.81 6.7 0.19 0.83 63 

1 day 12 0.82 7.1 0.17 0.83 78 

Ti-20Mo-7Zr-15Ta 

7 days 11 0.82 7.8 0.16 0.83 85 

 

 


