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Abstract 

The potential biomedical application of three new quaternary Zr alloys, namely Zr6Ti15Nb4Al, 

Zr32Ti15Nb4Al, and Zr49Ti15Nb4Al, was evaluated in vitro using electrochemical methods 

complemented with surface analysis of corrosion resistance. Cyclic potentiodynamic polarization 

(CCP) and electrochemical impedance spectroscopy (EIS) tests were performed in Ringer’s solution at 

37 ºC. The electrochemical behavior of the ZrTiNbAl quaternary alloys was consistent with the 

formation of passivating oxide films on the surfaces of these materials. Localized breakdown of the 

oxide layer occurred on Zr6Ti15Nb4Al and Zr32Ti15Nb4Al alloys subjected to positive anodic 

polarization, a feature confirmed by scanning electron microscopy (SEM) on retrieved samples. The 

Zr49Ti15Nb4Al alloy, which had the highest titanium (49 wt.%) content, exhibited a larger passive 

range in the polarization curve and was immune to localized corrosion breakdown in a simulated 

physiological solution for the range of polarizations that can occur in the human body.  

 

Keywords: ZrTiNbAl quaternary alloys; Biomaterial; Corrosion resistance; Ringer’s physiological 
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1. Introduction 

Zirconium has mainly been used as a structural material in nuclear applications due to its low 

neutron absorption. Recently, zirconium-based materials have received renewed attention as structural 

materials for aerospace, chemical and biomedical applications due to their corrosion resistance and 

wear properties [1]. Despite early in vivo studies demonstrating favorable bone tissue reactions similar 

to titanium after short-term contact with bone [2], little research has been carried out into the use of 

zirconium-based materials as biomaterials [3-6]. It is only in recent years that the potential of these 

materials to meet the requirements for medical applications has been explored [7-17]. For zirconium-

based materials to be employed as structural materials for permanent implants in contact with bone 

tissue, mutual interactions at the implant-tissue interface must be characterized [18,19]. Among them, 

the corrosion processes suffered by metallic materials in the chemically-aggressive medium of the 

human body are of special importance [18,19]. 

Zirconium belongs to the class of the valve metals, a group of metals characterized by their 

spontaneous chemical interaction with oxidizing environments that leads to the formation of surface 

oxide films [20-22]. In biomedical applications, these films determine the physicochemical and 

biological processes that occur at the implant/tissue interface [1,18,19,23], and thus greatly determine 

the biocompatibility of such materials [24]. Indeed, the formation and stability of surface oxide films 

was a major criterion to select these metallic materials for biomedical application. However, in vitro 

and in vivo studies have evidenced the release of metal ions from these oxidized films [18,19,24]. Such 

corrosion of permanent metal implants in the environment of the human body is affected by the 

chemical composition, structure, and physicochemical properties of surface oxide films, which are 

subject to change over the lifetime of the implants.  

The human body contains about 60 wt.% water distributed as both extracellular and intracellular 

fluid [25]. Most of the extracellular fluid is plasma, an interstitial fluid which contains water, various 

ions (mainly Na+ , K+ , Ca2+ , Mg2+, Cl- and HCO3-), and proteins [25-27]. When bodily fluid 

imbalance occurs, for any clinical reason, fluid therapy is performed using different solutions of 

crystalloids or colloids with plasma-like electrolyte compositions [28,29]. Among them, both isotonic 

saline and Ringer’s solutions are used for this purpose, the latter being closer to plasma composition 

[25-30]. This is the reason behind the frequent use of any of these solutions as a corrosive environment 

for preclinical testing of metallic materials designed for medical applications [14,31,32]. They are 

highly oxygenated saline electrolytes containing chloride ions, which are known as one of the most 

aggressive ions to metals [33,34]. 
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The corrosion behavior of Zr and its alloys was extensively investigated in relation to their uses 

in nuclear and chemical industries [35,36]. Zirconium is characterized by a strong affinity for oxygen 

and the formation of oxides and other compounds with valence +4. This feature allows the metal to be 

passivated, even in highly reducing media [37], such as strong reducing acids [38]. However, the 

formation of protective oxide films on Zr is hampered in certain aqueous media such as oxidizing 

chlorine solutions [37]. In addition, Zr is susceptible to pitting in chloride-containing aqueous solutions 

[39]. Although zirconium and titanium chemistries have numerous similarities, there are important 

differences with respect to their corrosion resistance in chloride containing environments. The passive 

film on zirconium based materials is not very stable in these media compared to titanium based 

materials, and passive film breakdown has been observed under oxidizing conditions [7,31,40]. Since a 

procedure to improve the corrosion behavior of metals in a given environment is achieved through the 

proper selection of alloying elements, our group performed a systematic investigation into the corrosion 

behavior of three binary ZrTi alloys in simulated body fluids [31,41-46]. A key finding was that the 

stability of the passive films on binary ZrTi alloys improved with higher Ti content [31,41-46]. 

Simultaneously, the behavior of new Zr-Nb, Zr-Ta, Zr-Nb-Ti, Zr-Nb-Ta, Zr-Nb-Mo, Zr-Nb-W alloy 

combinations were investigated by other groups with the same aim of improving the corrosion 

resistance of Zr-based materials [10,14,47]. Thus, it was demonstrated that the corrosion resistance of 

Zircalloy-2 alloy in 1 M H2SO4 was improved after the implantation of Al ions under certain process 

conditions [48]. Finally, since metallic materials for structural biomedical application must meet 

additional requirements in terms of their mechanical and magnetic properties, in addition to corrosion 

resistance, new alloys from the Zr-Nb, Zr-Sn, Zr-Ta, Zr-Si, Zr-Mo, Zr-Mo-Ti, Zr-Nb-Ti, Zr-Nb-Ti-Mo-

Sn systems have also been proposed [7,10-12,16,17,49-51].  

In this context, this work aims to characterize the corrosion behavior of three new alloys of the 

Zr-Ti-Nb-Al system in Ringer’s solution at 37 ºC by electrochemical techniques complemented with 

surface analysis methods. 

 

2. Materials and Methods 

2.1. Materials 

Three new quaternary ZrTiNbAl alloys were synthesized through repetitive melting of primary 

ingots. Cylindrical ingots 30 mm in diameter and 70 mm in length were obtained using the electron 

beam drip melting method and an electron beam furnace EMO 80 (ZIROM SA, Giurgiu, Romania). 

Samples of 14 mm in diameter and 5 mm in length were cut from the ingots using conventional 



4 
 

machining procedures for both electrochemical tests and microstructure analysis. The chemical 

compositions of the ZrTiNbAl alloys were determined by energy-dispersive spectroscopy analysis 

(VegaTescan LMH II, Quantax EDS) and are given in Table 1. It can be seen that the Zr6Ti15Nb4Al 

alloy has the highest content of Zr (in wt.%), the lowest Ti content, and similar Nb and Al content. The 

other two alloys, namely Zr32Ti15Nb4Al and Zr49Ti15Nb4Al, have similar percentages of Nb and Al, 

but inverse percentages of Zr and Ti. For purposes of comparison, corrosion behavior is discussed in 

terms of the Zr/Ti ratio in alloys. 

 

2.2. Surface analysis 

Samples for microscopy and XRD analysis were abraded with emery papers of different grits, 

followed by polishing using alumina suspensions (0.3 µm and 0.02  µm) to achieve a mirror smooth 

appearance. Finally, the samples were etched using Kroll’s reagent. To characterize the microstructure 

of the alloys, an inverted metallographic microscope (XJP 6A model, Material Plus software, 

Qualitest, Ft. Lauderdale, FL, USA) and a scanning electron microscope (VegaTescan LMH II, 

Quantax EDS, Bruker Nano Analytics, Berlin, Germany) were used. 

XRD patterns of alloys were recorded using a PANalytical X’Pert PRO MPD diffractometer 

with Cu cathode (PANalytical, Almelo, The Netherlands). The XRD patterns were interpreted with 

X’pert HighScore Plus software and ICDD-PDF-4+ database.  

 

2.3. Electrochemical tests 

Prior to testing, the ZrTiNbAl alloys were mechanically abraded with emery papers of different 

grits down to 2000 grit, followed by polishing with 1 μm alumina suspension, ultrasonically cleaning in 

deionized water, and finally drying in the open air. The electrochemical tests were performed in a glass 

corrosion flow cell kit (C145/170, Radiometer, Neuilly-Plaisance, France) containing 150 mL of 

Ringer’s solution (NaCl: 8.6 g L-1; KCl: 0.3 g L-1; CaCl2: 0.48 g L-1; pH = 6.9). The ZrTiNbAl samples 

were connected as the working electrode, a saturated calomel electrode was used as the reference 

electrode, and a platinum coil as the counter electrode. The temperature of the electrochemical cell was 

maintained at 37 ± 0.1 oC. The electrochemical measurements were performed using a potentiostat 

PARSTAT 4000 (Princeton Applied Research, Princeton, NJ, USA). The instrument was controlled by 

a personal computer and VersaStudio software. Potentiodynamic polarization and electrochemical 

impedance spectroscopy (EIS) were employed.  
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Electrochemical impedance spectra were measured over a frequency range extending from 100 

kHz to 1 mHz using a 10 mV amplitude AC voltage signal (peak to peak). The EIS tests were recorded 

at the open circuit potential developed by the samples after 1 h, 24 h (1 day), and 168 h (7 days) of 

immersion in the Ringer’s solution. The OCP value monitored at each time was fixed using the 

potentiostatic unit of the electrochemical interface, so as to avoid possible floating during acquisition of 

the impedance spectrum. EIS tests were obtained to evaluate the characteristics of passive films formed 

on the surface of the alloys under investigation. Analysis of the spectra was performed in terms of 

equivalent circuit (EC) fitting using ZSimpWin software. 

The potentiodynamic polarization tests were initiated after 168 h (7 days) immersion of the 

samples in the Ringer’s solution. The tests were conducted by scanning the potential, at the rate of 1 

mV s−1, from -1.0 VSCE up to +1.0 VSCE, followed by potential reversal down to +0.0 VSCE, in order to 

explore the occurrence of pitting. Standard techniques were used to extract the zero current potential 

(Ecorr), and the corrosion current density (jcorr), namely the application of Tafel analysis for a range of 

±100 mV around the open circuit potential. From the measured potentiodynamic polarization curves, 

the passive current density (jpass) was also determined. For each electrochemical test, three specimens 

were monitored, and the analysis of variance (ANOVA) was performed using a Tukey post hoc test (p 

< 0.05). Their average results are given together with the corresponding standard deviation (reported in 

brackets). After potentiodynamic polarization tests, the surfaces of the retrieved samples were 

inspected by scanning electron microscopy to visualize localized corrosion processes (Quanta 200 3D, 

FEI, Hillsboro, OR, USA). 

 

3. Results and Discussion 

3.1. Surface analysis 

Figure 1 shows the optical microstructures of the quaternary ZrNbTiAl alloys. Polygonal β 

phase grains are observed for all alloys, closely resembling those reported for ternary ZrNbTi alloys by 

Nie et al. [12]. The average grain size and average (stdev) values were determined with the Material 

Plus software providing 538 (217) µm for Zr6Ti15Nb4Al, 497 (126) µm for Zr32Ti15Nb4Al, and 489 

(242) µm for Zr49Ti15Nb4Al. These grain sizes (hundreds of micrometers) are specific for as-cast 

microstructures of alloys synthesized by electron beam melting. 

The elemental maps obtained using EDS in Figure 2 show fairly even distribution of the 

alloying elements in the ZrNbTiAl quaternary alloys. The small color changes between the maps for 

the chosen magnification arise exclusively from the variable Zr/Ti ratio in the alloys. 
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Figure 3 shows the XRD patterns for all investigated alloys. They contain solid solutions based 

on β−Zr or β−Ti phases, which are indicated by the well-resolved peaks corresponding to the planes 

(110), (200), (211), (220) and (310). The predominant β phase observed here was also reported for 

ternary Zr-Nb-Ti alloys [12]. Moreover, Zr6Ti15Nb4Al presents a small amount of solid solution based 

on the α−Zr phase, which is revealed by some additional small peaks related to the α-Zr(101) plane at 

40º, the α-Zr(102) plane at app. 45º, and the α-Zr(202) plane at 77º. Furthermore, the following lattice 

parameters were evaluated from XRD data: i) α-Zr solid solution (hcp), a = 3.252 Å, c = 5.041 Å, c/a = 

1.5502, and β-Zr solid solution (bcc), a = 3.484 Å, for Zr6Ti15Nb4Al; ii) β-Zr solid solution (bcc), a = 

3.3985 Å, for Zr32Ti15Nb4Al; iii) β-Ti solid solution (bcc), a = 3.3507 Å, for Zr49Ti15Nb4Al. 

 

3.2. Electrochemical characterization 

Potentiodynamic polarization curves for ZrNbTiAl alloys recorded after 168 h (7 days) 

immersion in Ringer’s solution at 37 oC present a typical active-passive characteristic, moving directly 

from the active region to a passive region as shown in Figure 4. The Tafel analysis performed on the 

anodic and cathodic branches of the polarization plots yielded the values for the zero current potential 

(Ecorr) and the corrosion current density (jcorr) listed in Table 2. The potential reversal at +1.0 VSCE 

resulted in the observation of positive hysteresis loops in the potentiodynamic polarization curves for 

Zr6Ti15Nb4Al and Zr32Ti15Nb4Al, indicating that these materials were susceptible to localized 

corrosion (see Figure 4). The hysteresis loop can be used to obtain experimental data on localized 

corrosion. Thus, the susceptibility to localized corrosion of a material can be expressed both in terms of 

the area covered by the hysteresis loop (Qhyst), and in terms of the breakdown (Ebp) and repassivation 

(Erp) potentials relative to the corresponding corrosion potential value (Ecorr). From inspection of Table 

2, it is observed that the Zr6Ti15Nb4Al alloy exhibited a larger area of the hysteresis loop and a more 

negative breakdown potential value than the Zr32Ti15Nb4Al alloy. In addition, the Zr6Ti15Nb4Al 

alloy presented the narrowest potential range for passivity. These features indicate that this alloy had 

the highest susceptibility to localized corrosion. In contrast, the Zr49Ti15Nb4Al alloy showed negative 

hysteresis in the cyclic polarization curves recorded in Ringer’s solution, indicating that this alloy was 

resistant to localized corrosion in this environment. 

Electrochemical impedance spectroscopy (EIS) measurements were performed under open 

circuit potential conditions for various different immersion times in Ringer’s solution at 37 oC up to 

168 h (7 days). The Bode plots depicted in Figure 5 show two time constants in the impedance spectra 

at all times. The EIS spectra were analyzed in terms of the equivalent circuit (EC) shown in Figure 6, 
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corresponding to a duplex structure formed by an outer porous and more compact inner layers. This EC 

is typically employed to described the passive films formed on titanium [52,53] and zirconium [41,54] 

based materials. Constant phase elements (CPE) were used instead of pure capacitances because of the 

non-ideal capacitive response due to the distributed relaxation feature of the passive oxide films [55]. 

Table 3 shows the results of the fits, while the simulated impedance spectra obtained using these 

parameters are shown by solid lines in Figure 5. The components Rct and QdL account for the 

electrochemical processes at the passive layer/solution interface, and they determine the impedance 

behavior in the high frequency range of the spectrum. The capacitance values associated with QdL are 

typical of those related to the double layer capacitance of passive oxide layers in all cases [45–48]: 

further confirmation for the assignment of the RpL and QpL parameters to describe the properties of the 

passive layer. In general, a very good agreement was reached between the fitted data and the 

experimental data for the ZrNbTiAl samples (χ2 values between 10-4 and 10-5).  

 

3.3. SEM analysis of retrieved surfaces from electrochemical tests 

Figure 7 shows SEM micrographs of the retrieved ZrTiNbAl alloys after completing the 

potentiodynamic polarization tests in Ringer’s solution given in Figure 4. Passive layer breakdown and 

the onset of localized corrosion occurred in the case of Zr6Ti15Nb4Al and Zr32Ti15Nb4Al alloys (cf. 

Figure 7a-b). Although corrosion pits were observed on the surface of both alloys, pits of micrometric 

dimensions were observed in the case of the alloy Zr32Ti15Nb4Al, certainly on a smaller scale than for 

Zr6Ti15Nb4Al. On the other hand, no localized attack was observed in the case of the Zr49Ti15Nb4Al 

alloy (see micrograph in Figure 7c). The passive films formed on the surface of this alloy effectively 

protected the underlying metal matrix even at anodic polarization of +1.0 VSCE, higher than 

polarization values ever measured in the human body [56]. SEM micrographs of the retrieved 

ZrNbTiAl samples after the electrochemical tests in Ringer’s solution were consistent with the 

conclusions derived from the inspection of the potentiodynamic polarization curves shown in Figure 4.  

 

3.4. Comments on the corrosion resistance of passive layers formed on quaternary ZrNbTiAl alloys 

The corrosion behavior of valve metals depends on the protectiveness of their passive film, 

which is, in turn, determined by its chemical composition, its level of crystallinity, and the 

crystallography of the surface oxide film. Using XPS analysis, Hanawa et al. [23,57] found that the 

oxide film formed on commercial pure (cp)-Ti contains Ti2+ , Ti3+, and Ti4+. That is, titanium oxide 

films result from a sequence of consecutive oxidation reactions: 
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−+ ++=+ eHTiOOHTi 222        (1)   

 
−+ ++=+ eHOTiOHTiO 222 322        (2) 

 
−+ ++=+ eHTiOOHOTi 222 2232        (3) 

 

Analogously, the oxide films on Zr usually present a layered structure determined by the 

stoichiometry of different oxides that grow from the metallic substrate toward the outer surface in a 

sequence of increasing oxidation numbers, namely Zr2O/ZrO/Zr2O3/ZrO2 [1,58]:  
−+ ++=+ eHOZrOHZr 222 22      (4) 

 
−+ ++=+ eHZrOOHOZr 22222        (5) 

 
−+ ++=+ eHOZrOHZrO 222 322        (6) 

 
−+ ++=+ eHZrOOHOZr 222 2232       (7) 

Using Raman spectroscopy, Gomez Sanchez et al. [59] and Farina et al. [15] found that the 

oxide film formed spontaneously on Zr in the air mainly has a tetragonal structure of ZrO2, whereas the 

oxide films formed on Zr and Zr-2.5Nb alloy by anodization present mainly a monoclinic structure of 

ZrO2. In the case of the anodized samples from Zr and Zr-2.5Nb alloy, the ZrO2 monoclinic film 

incorporated a new phase identified as a Zr phosphate demonstrating the incorporation of phosphate 

ions from the electrolyte [15,58,59]. Although experimental data on the crystallography of passive 

films on Zr-based materials are scarce, from these few antecedents it can be argued that the 

crystallographic structure of such oxide films depends strongly on the oxidizing medium employed. 

Bastl et al. [58], using angle-resolved X-ray photoelectron spectroscopy (ARXPS), have shown that 

oxide films grown on Zr-1Nb alloy contain four oxidation states regardless of the oxidizing medium 

(namely oxygen, water, hydrogen peroxide). These characteristics are consistent with a layered 

structure of oxide films. Using XPS analysis, Gomez Sanchez et al. [59] showed the occurrence of 

different oxidation states on Zr oxidized in air, although there were cases where the suboxides were not 

identified [23,59,60]. 
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The XPS spectra of both cp-Ti and cp-Zr contain three peaks in the O1s region, which 

correspond to oxide, O2-, hydroxide or hydroxyl groups, OH-, and hydrate and/or adsorbed H2O, but 

less OH- than occurs in the oxide film on cp-Zr [23,57]. Satpati et al. [40] found similar results for XPS 

spectra of the oxide film on Zircaloy-2 after various different polarizations in 5% NaCl solution. In 

addition, it was observed that the values of the OH-/O2- ratio decreased as the polarization potential 

increased, as well as that Cl- was incorporated in the passive film, demonstrated by the appearance of a 

chloride peak in the XPS spectra [40]. Hanawa et al. [61] used XPS to investigate changes in oxide 

films formed on Ti, Zr and four Ti-Zr alloys (Ti-25 wt.% Zr, Ti-50 wt.% Zr, Ti-60 wt.% Zr, Ti-75 

wt.% Zr) after different immersion times in a simulated body fluid (SBF) at 25 ºC. Their findings 

demonstrated the influence of both the chemical composition of the metallic materials and the 

immersion times.  

Alloying Zr with Ti is an established procedure to improve the corrosion resistance of this 

metal, especially in relation to pitting corrosion [62,63]. Thus, a Ti content in Zr greater than 10 wt.% 

shifted positively the pitting potential in aqueous HCl solution, and for a Ti content greater than 50 

wt.%, the pitting potential reached values comparable to those of pure Ti [63]. It was proposed that the 

improvement of the pitting corrosion resistance was derived from the formation of ZrTiO4 for 

intermediate contents of Ti (up to 40 wt.%), or ZrTiO4 and TiO2 for a Ti content of more than 50 wt.% 

[63]. Recently, the same procedure has been adopted to improve the corrosion behavior of zirconium 

used in medical applications [31,41-46].  

More recently, multi-component Zr-based alloys have been proposed as biomaterials, with Nb 

being one of the alloying elements investigated because of the high electrochemical stability of the 

Nb2O5 oxide [12]. The stable niobium oxides are formed according to the sequence [64]: 
−+ ++=+ eHNbOOHNb 222      (8) 

 
−+ ++=+ eHNbOOHNbO 2222      (9) 

 
−+ ++=+ eHONbOHNbO 222 5222     (10) 

In this context, the experimental results described in this work from electrochemical tests in 

simulated artificial solution have shown the beneficial effect of Ti content on resistance to pitting, 

especially when Ti content exceeds that of Zr. Such effects on corrosion behavior can be attributed to 

changes in the stoichiometry and crystallography of passive films, as described in cited literature. 
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4. Conclusions 

 

The results of the present study lead to the following conclusions: 

1) Alloying Zr with Nb, Al and especially Ti, lead to the formation of oxide films on the surface of the 

metallic material that more efficiently withstand passive layer breakdown and the onset of localized 

forms of corrosion. 

2) Quaternary ZrNbTiAl alloys are β-metastable titanium alloys with microstructures composed of 

polygonal β-phase grains of the order of hundreds of micrometers.  

3) These alloys develop a two-layer passive oxide structure upon immersion in Ringer’s solution for all 

exposures. Their corrosion resistance increases with decreasing Zr/Ti ratio, and is also improved for 

longer exposures to the simulated physiological solution. 

4) The Ti content of the Zr alloys is of great importance to improve localized corrosion behavior. A 

lower Zr/Ti ratio than one leads to materials that do not undergo passivity breakdown and localized 

corrosion under the polarization conditions experienced by the human body. 
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Figure 1.  Optical micrographs showing the microstructure of the quaternary ZrTiNbAl alloys: a) 

Zr6Ti15Nb4Al, b) Zr32Ti15Nb4Al, c) Zr49Ti15Nb4Al. 

 
 

   
 

Figure 2.  EDS elemental distribution maps of the quaternary ZrTiNbAl alloys: a) Zr6Ti15Nb4Al, b) 

Zr32Ti15Nb4Al, c) Zr49Ti15Nb4Al. 

 

 
Figure 3. X-ray diffraction patterns of the quaternary ZrTiNbAl alloys. 
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Figure 4. Linear potentiodynamic polarization curves measured for the quaternary ZrTiNbAl alloys 

after 7 days immersion in Ringer’s solution at 37 oC.  

 

  

  



18 
 

  
 

Figure 5. Bode impedance plots for the quaternary TiMoZrTa alloys immersed in Ringer’s solution at 

37 oC for different immersion times. The solid lines and the discrete points correspond to the fitted and 

the measured data, respectively. Alloys: (a,b) Zr6Ti15Nb4Al, (c,d) Zr32Ti15Nb4Al, and (e,f) 

Zr49Ti15Nb4Al. 

 
 

Figure 6. Equivalent circuit used to fit EIS data. 

 

   
 

Figure 7. SEM observations of quaternary TiMoZrTa alloys retrieved from Ringer’s solution at 37 oC 

after completing the linear potentiodynamic polarization tests shown in Figure 4. Alloys: (a,b) 

Zr6Ti15Nb4Al, (c,d) Zr32Ti15Nb4Al, and (e,f) Zr49Ti15Nb4Al. 
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Table 1. Chemical composition of the quaternary ZrTiNbAl alloys. 
 

Alloy Percentage / % Zr Ti Nb Al Zr/Ti ratio 

Zr6Ti15Nb4Al 
weight 75.77   6.01 14.74  3.48 12.61 

atomic 66.78 10.09 12.76 10.37 6.62 

Zr32Ti15Nb4Al 
weight 49.07 32.15 14.61   4.17 1.53 

atomic 35.36 44.15 10.34  10.16 0.80 

Zr49Ti15Nb4Al 
weight 32.94 47.69 15.42   3.95 0.69 

atomic 21.63 59.67   9.94   8.77 0.36 
 
 

 

 

Table 2. Average electrochemical parameters and average (standard deviation) values determined from 

potentiodynamic polarization curves for quaternary ZrNbTiAl alloys after 7 days immersion in 

Ringer’s solution at 37 ºC. 

* at 0.30 VSCE 

 

Alloy 
Zr/Ti 

ratio 

Ecorr / 

VSCE 

jcorr / μA 

cm-2 

(jpass)* / 

μA cm-2 

Ebd / 

VSCE 

Erp / 

VSCE 

(Ebd–Ecorr) 

/ mV 

(Ebd–Erp) 

/ mV 

Qhyst / mC 

cm-2 

Zr6Ti15Nb4Al 12.61 
-0.473 
(0.011) 

0.610 
(0.017) 

6.2 
(0.2) 

+0.535 
(0.028) 

+0.055 
(0.012) 

528 
(12.12) 

480 
(14.53) 

271.3 
(4.32) 

Zr32Ti15Nb4Al 1.53 
-0.629 
(0.012) 

0.455 
(0.015) 

3.9 
(0.3) 

+0.610 
(0.040) 

+0.045 
(0.011) 

674 
(11.53) 

565 
(15.10) 

19.7 
(3.34) 

Zr49Ti15Nb4Al 0.69 
-0.453 
(0.010) 

0.320 
(0.019) 

2.5 
(0.3) 

- - - - - 
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Table 3. Electrochemical parameters extracted from impedance spectra (EIS) through modelling 

experimental data for quaternary ZrNbTiAl alloys in Ringer’s solution at 37 ºC, after different 

immersion times, to the equivalent circuit containing two time constants shown in Figure 6. 

Alloy 
Zr/Ti 

ratio 

Immersion 

time / h 

QdL /mS 

cm-2 sn 
n1 

Rct / kΩ 

cm2 

QpL / μS 

cm-2 sn 
n2 

RpL / 

MΩ cm2 

Zr6Ti15Nb4Al 12.61 

1     0.23 0.80 25 23 0.82 0.24 

24  0.18 0.81 47 22 0.82 0.33 

168  0.18 0.81 51 22 0.82 0.42 

Zr32Ti15Nb4Al 
 
1.53 

 

1  0.18 0.81 47 22 0.82 0.31 

24  0.18 0.81 51 22 0.82 0.38 

168  0.18 0.81 52 21 0.82 0.45 

Zr49Ti15Nb4Al 0.69 

1  0.17 0.81 56 22 0.83 0.59 

24  0.17 0.82 62 19 0.83 0.71 

168  0.16 0.82 065 18 0.83 0.82 
 

 
 

 

 

 

 


	Three new quaternary ZrTiNbAl alloys were synthesized through repetitive melting of primary ingots. Cylindrical ingots 30 mm in diameter and 70 mm in length were obtained using the electron beam drip melting method and an electron beam furnace EMO 80 ...

