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The aim of this study is to obtain a new Zr-based metal/ceramic composite by heat treatment and to demonstrate the surface 
properties improvement of new alloy, Zr3Ta, after heat treatment process. The surface characterization and corrosion behavior of as-
cast and heat-treated Zr3Ta alloy were investigated in fetal bovine serum (FBS) using Electrochemical Impedance Spectroscopy 
(EIS) and Potentiodynamic Polarization as electrochemical techniques. As surface characterization techniques we used SEM, X-Ray 
Diffraction (XRD), Vickers micro-hardness and interferometry measurements. Ion release phenomena were investigated using 
Inductive Coupling Plasma – Mass Spectrometry technique (ICP-MS). Impedance spectra were represented by Nyquist and Bode 
diagrams and electrical equivalent circuits were also proposed for obtained results. Electrochemical measurements were carried out 
in Fetal Bovine Serum at 37ºC. XRD analysis was used to identify the chemical composition of the outer oxide layer. After the heat 
treatment, a zirconium oxide layer of about 50 microns is formed on the alloy surface, which improves corrosion resistance and 
surface micro-hardness. 

 
 

INTRODUCTION∗ 

Zirconium, titanium, and hafnium are able to 
dissolve oxygen up to 30 at. % without forming 
oxides. This process precedes the formation of a 
continuous oxide film.1  

During the processes of heat treatment; 
zirconium and its alloys interact intensively with 
chemically active oxygen-containing gases and 
form surface films and gas-saturated layers, i.e., 
interstitial solid solutions of oxygen atoms in the 
zirconium matrix. According to the Zr – O2 state 
diagram, there exists a single ZrO2 - x oxide in 
which the concentration of oxygen can vary with 
temperature. The black nonstoichiometric zirconium 
oxide possesses protective properties. At the same 
time, the white stoichiometric oxide is porous and 
does not protect the alloy.2 Moreover, dense 
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protective films of zirconium oxide formed by 
thermic diffusion may significantly increase the 
corrosion resistance of the heat treated alloy.3 

There is current interest in the biological 
chemistry of Zr. Zirconium metal is widely used in 
artificial joints for limbs, and in metal-on-metal 
and alternative material combinations for hip 
replacements.4-6 

Zirconium oxide is a bio-inert material that 
exhibit high mechanical strength, excellent corrosion 
resistance and good biocompatibility.7 It is frequently 
used in manufacture of hip head prostheses.8, 9 

The biocompatibility and Osseo integration of 
zirconium oxide has been largely demonstrated in 
vitro and in vivo. Many authors observed that 
zirconium oxide has no cytotoxic effects when 
fibroblasts were co-cultured with it.10-11 Additional 
studies reported that zirconium oxide is not able to 
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generate mutations of the cellular genome 12-13. No 
adverse responses were reported following the 
insertion of zirconium oxide into bone or muscle in 
“in vivo” models.9, 14, 15 

Zirconium oxide creates less phlogistic reaction 
in tissue than other restorative materials such as 
titanium.16 This datum was confirmed by a study 
comparing soft tissue around zirconia and titanium 
healing caps: inflammatory infiltrate, micro vessel 
density, and vascular endothelial growth factor 
expression were higher around the titanium caps 
than around the zirconia ones.9, 17 

EXPERIMENTAL 

Using an induction furnace through a melting and re-
melting process we have obtained a new zirconium-based 
alloy namely ZrTa with the following composition: 3,05 wt.% 
Ta and 96.95 wt.% Zr. Zirconium and tantalum of 99.5% 
purity were used as raw materials. 

Prior to heat treatment process and electrochemical 
experiments, the AC-Zr3Ta samples were polished with SiC 
emery paper down to #4000. After polishing, the samples were 
degreased in acetone ultrasonic bath for 30 min and then 
washed with Millipore water. Heat treatment process of the 
AC-ZrTa samples were conducted in a furnace at 500ºC for  
24 hours in atmospheric conditions. 

Figure 1 shows the diagram of the heat treatment applied 
to the AC-Zr3Ta alloy samples. The samples subjected to heat 
treatment were heated at the constant rate of 80 ºC/h from 
room temperature up to the final temperature of 500 ºC, value 
at which it was maintained for three hours. Then the samples 
were left to cool slowly at the rate of 30 ºC/h until they 
reached the temperature of the surrounding environment 
(approximately 20 ºC). 

A VoltaLab 40 model electrochemical combine with 
dynamic EIS (Electrochemical Impedance Spectroscopy) 
connected to a computer through VoltaMaster 4 Software 
interface was used for the electrochemical measurements. The 
electrochemical behavior of zirconium-based alloys was 
studied in a classical electrolytic cell with three electrodes. A 
platinum plate electrode and a saturated calomel electrode 
(SCE) were used as counter and reference electrode 
respectively. All three electrodes (including working 
electrode) were placed in a cell which has been connected to 
an UltraThermostat type U10 with external recirculation of 
heating water to maintain the temperature inside the cell very 
close to 37ºC. The working electrode was made from as-cast 
Zr3Ta (AC-Zr3Ta) and heat-treated Zr3Ta (HT-Zr3Ta) alloy. 
Samples with 1 cm2 geometric surface area were used. The 
working electrode potential was scanned on the potential 
range of -1000 mV up to +1000 mV/SCE with scan rate of  
0.5 mV/sec. This scan potential range was chosen taking into 
account that, the potential – pH diagram given by Black for 
generally physiological conditions showed that, the potential 
value of a metallic biomaterial may vary from -1.0 to  
+1.0 V/SCE in the human body.18 The corrosion current 
density (icorr) was determined by extrapolation of the anodic 
and cathodic slopes in the Tafel potential range.   

 

 
Fig. 1 – Heat treatment diagram of As-cast Zr3Ta alloy. 

 
Impedance measurements were performed on the 

frequency range between 100 kHz and 1 mHz with an AC 
wave of ± 5 mV (peak-to-peak) overlaid on a DC bias 
potential and the impedance data were obtained at a rate of 10 
points per decade change in frequency. All tests have been 
performed in FBS with the chemical composition given in 
Table 1, at 37 ºC under atmospheric oxygen conditions 
without agitation.  

The X-Ray Diffraction (XRD) measurements were 
performed using a Bruker-AXS X Ray Diffractometer type D8 
ADVANCE device with the following characteristics: X-Ray 

tube with Cu anode (λ = 1.54184 Å); 40 kV / 40 mA, Ni filter 
kβ; Step 0.04º, measuring time on point 2 s. 

The equipment employed to make determination of ultra-
trace analysis is an ICP-MS made by Perkin Elmer, model 
ELAN DRC-e (with reaction cell gas). Operation principles of 
the device are an efficient ion generation by an Argon Plasma 
at 6000 K, send trough a mass spectrometer which has a 
Quadrupole system for a better ion separation. Software 
methods for the determination in this paper don’t use the 
reaction cell gas but the results were very accurate and it is in 
perfect concordance with the other techniques used. All 
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samples were sent to a cross-flow nebulizer type Scott Spray 
chamber. Micrographs were obtained using a HITACHI 
S2600N Scanning Electron Microscope with EDX technique. 

For the Vickers micro-hardness evaluation of the samples 
surface it was used a micro-hardness tester FM 700 at 2 kgf 
load. 

 
Table 1 

Chemical composition of Fetal Bovine Serum 

Electrolyte Composition 
Fetal Bovine Serum  Bilirubin – 2.4 mg/L; Cholesterol – 340 mg/L; Creatinine – 27.3 mg/L; Urea – 

260 mg/L; Na+ - 142 mmol/L; K+ - 8 mmol/L; Ca++ - 3 mmol/L; Mg++ - 1.08 
mmol/L; PO4

3- - 2.32 mmol/L; Fe – 1.63 mg/L; Glucose – 550 mg/L; Protein – 
36 g/L; Albumine – 17 g/L; α-Globulin – 17 g/L; β- Globulin – 2 g/L; γ-
Globulin – 1 g/L. 

 
Wyko NT1100 system with VSI (vertical scanning 

interferometry) mode was used for 3D surface scanning of 
HT-Zr3Ta sample and zirconium oxide layer thickness 
measurements. 

RESULTS AND DISCUSSION 

The potentiodynamic polarization curves 
corresponding to as-cast Zr3Ta alloy and heat 
treated Zr3Ta alloy, respectively, are shown in 
Figure 2. As it can be observed, the curve 

corresponding to heat treated alloy shows a much 
wider passivation area, with about 500 mV larger 
than in the case of as-cast alloy, and the values of 
the kinetic parameters shown in Table 2 point out a 
superior behavior from the corrosion resistance 
point of view of the heat treated alloy. As it can be 
observed from the diagrams, the passivation 
current density has a value of 14.42 µA/cm2, 
smaller than 40 µA/cm2, which points out that the 
sample is in the passive state. 

 

 
Fig. 2 – Potentiodynamic polarization curves of AC-Zr3Ta and HT-Zr3Ta in Fetal Bovine Serum at 37 ºC. 

 
Table 2  

Electrochemical kinetic parameters 

Sample Ecorr, 
mVvsSCE 

icorr, 
µA/cm2 

Rp, kΩcm2 ba, mV/dec bc, mV/dec ipass, 
µA/cm2 

∆Epass, 
mV 

Corrosion
µm/year 

AC-Zr3Ta -304.2 0.44 36.33 83.7 -120.1 9.41 380 4.921 
HT-Zr3Ta -291.4 0.33 59.44 119.4 -126.4 14.42 850 3.727 

 
 

At the low overvoltages (up to 70mV) in both 
cases, the corrosion process is under activation 
control, while at the higher overvoltages the 

working electrode there is in the passive state. It 
can be seen that, the working electrode was 
directly translated to a stable passive behavior 



588 Viorel Brânzoi et al. 

from the Tafel region without exhibiting an active-
passive transition.  

In the case of AC-Zr3Ta, the potential range in 
which the electrode is in passivation state is about 
300mV. As the anodic potential increases it can be 
seen that, from a certain potential value 
(+200mV/SCE) the corrosion process is activated 
and a significant increase of the current occurs, 
followed by a potential range in which the process 
is controlled by diffusion, and the current reaches a 
limiting value (near 1000mV/SCE ) called the limit 
current of diffusion. This can be explained taking 
into account the fact that, in the meantime, the 
oxide layer from the surface electrode was rebuilt 
and aggressive agents access to the surface 
electrode is made by diffusion through the oxide 
film rebuilt on the surface. 

For HT-Zr3Ta sample it can be seen that the 
potential range in which the working electrode is in 
passive state, is approximately of 900mV. At much 
more positive potentials a slow and continuous 
increase of the current occurs which means that we 
are in trans-passive region and the current increase 
is due to oxygen evolution on the passive film.  

Nyquist diagrams corresponding to the two 
samples, respectively the as-cast Zr3Ta alloy and 
the heat treated one, are shown in Figure 3. It can 
be observed that both curves show a very well 
defined capacitive loop, followed by a capacitive-
diffusive branch in the case of as-cast alloy and a 
diffusive branch in the case of heat treated alloy, 
respectively. 

 

 
Fig. 3 – Nyquist diagram of AC-Zr3Ta and HT-Zr3Ta in Fetal Bovine Serum at 37 ºC. 

 
From Bode diagrams, it can be observed that in 

the case of phase angle (θ) vs. log f curves of the 
heat treated alloy shows a time constant at a phase 
angle value of over 80º, which points out an almost 
pure capacitive behavior of the film formed at the 
metal – electrolyte interface. In the case of as-cast, 
the phase angle value corresponding to time 
constant is a lightly lower (about 70º), fact that 
points out a capacitive behavior with diffusive 
tendencies of the interface passive film. This 
behavior of the films at metal – electrolyte 

interface pointed out by Bode diagrams is in 
concordance with the observations made in the 
case of Nyquist diagrams. 

The electrochemical parameters values shown 
in Table 3 reveal the superiority of the heat treated 
alloy regarding the electrochemical behavior in 
fetal bovine serum electrolyte. 

Figure 5 showed the electrical equivalent circuit 
proposed for experimental data obtained in the 
case of HT-Zr3Ta alloy. 

 
Table 3 

Electrochemical parameters 

Sample Rel, kΩcm2 Rp, kΩcm2 Cdl, µF/cm2 
AC-Zr3Ta 0.0164 19.42 32.76 
HT-Zr3Ta 0.160 45.97 10.93 
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Fig. 4 – Bode diagram of AC-Zr3Ta and HT-Zr3Ta in Fetal Bovine Serum at 37 ºC. 

 

 
Fig. 5 – Electrical equivalent circuit. 

 
The diffractograms obtained for the two types of 

samples are shown in Figures 6a and 6b. In the case 
of heat treated alloy diffractogram, there is a 
number of polymorphic forms of ZrO2 stable at 
different temperatures and pressures and it can be 
especially observed the appearance of two types of 
zirconium oxides, monoclinic at room temperature 
and orthorhombic at 573 K, which protect the alloy 
against corrosive attack in the aggressive 
environment of fetal bovine serum.19-20 It seems that 
the orthorhombic crystallization form corresponds 
to a black and very stable non-stoichiometric oxide, 
with excellent anticorrosive properties.  

Analyzing the XRD diagrams, it can be 
observed that in the case of Zr3Ta alloy the sample 
contains a major phase of Zr (hexagonal system) 
with diffraction peaks shifted face compared to 
diffraction lines position of pure Zr to smaller 
angles, which means higher cell parameters and 
this indicates the possibility of an intercalation of 
Ta atoms in crystalline network of Zr. The 
diffraction lines translocation for Zr phase 
represents the consequence of Ta entering in the 
structure, thereby expanding the elementary cell 
dimension. 
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Fig. 6a – XRD pattern of AC-Zr3Ta. 

 

 
Fig. 6b – XRD pattern of HT-Zr3Ta. 
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Fig. 7a – Vickers micro-hardness determination for AC-Zr3Ta alloy ×500. 

 

 
Fig. 7b – Vickers micro-hardness determination for Ht-Zr3Ta alloy ×500. 
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Fig. 8 – Representation of Vickers micro-hardness values for AC-Zr3Ta alloy and Ht-Zr3Ta alloy. 

 
The compared micrographs of the two samples at 

different magnitudes and the EDX analysis may be 
seen in Figures 9a-f. It can be observed an obvious 
difference in the microstructure and in their surface 
modification as a result of the heat treatment through 
the appearance of the acicular structure.  

It can be noticed that the oxide consists of many 
fine zirconia grains, which have formed a long 
filament of several micrometers, which is in 
.according to the length of grain boundaries in 
Zr3Ta specimens. Some oxide filaments were 
joined together to become a longer filament. 

Vickers hardness is a measure of the hardness 
of a material, calculated from the size of an 
impression produced under load by a pyramid-
shaped diamond indenter 

The indenter employed in the Vickers test is a 
square-based pyramid whose opposite sides meet 
at the apex at an angle of 136º. The diamond is 
pressed into the surface of the material at loads 
ranging up to approximately 2 kilograms-force, 
and the size of the impression (usually no more 
than 0.5 mm) is measured with the aid of a 
calibrated microscope.  

The Vickers number (HV) is calculated using 
the following formula: HV = 1.854(F/A), with F 
being the applied load (measured in kilograms-
force) and A the area of the indentation (measured 
in square millimeters). 

Figures 7a and 7b showed the impressions of 
the diamond indenter on AC-Zr3Ta and HT-Zr3Ta 
alloys. It can be observed that the impression of the 
diamond indenter on HT-Zr3Ta alloy surface had 
an approximately two times smaller area than in 
the case of AC-Zr3Ta alloy, which means that the 
micro-hardness value of the HT-Zr3Ta alloy (674 

HV) is approximately double in comparison with 
the micro-hardness value of  AC-Zr3Ta alloy (323 
HV). This variation of surface Vickers micro-
hardness appears due to the formation of a black 
non-stoichiometric zirconium oxide thin layer 
during the heat treatment process. Micro-hardness 
values for both samples are represented in Figure 8.  

Table 4 show the ICP-MS results for fetal 
bovine serum electrolyte in which were performed 
electrochemical measurements for both type of 
samples. As a result of the examination of the 
concentration values obtained for different interest 
elements (Zr, Ta as raw materials and Co, Cr, Ni, 
V as impurities from raw materials) from the 
composition of the „used” electrolyte, it can be 
observed a reduction of zirconium concentration 
passed in solution up to 3 orders of magnitude, 
while in the case of tantalum a reduction with 2 
orders of magnitude of the dissolved tantalum 
concentration value is observed. For cytotoxic and 
allergenic elements (Co, Cr, Ni, V) very low 
values can be observed in the case of as-cast 
sample, while for the electrolyte in which the heat 
treated sample was tested, concentrations values of 
these elements are null in fact in the case of cobalt 
and vanadium, and for Cr and Ni concentrations 
values have been reduced to half. 

In Figures 10a, b are presented 3D and X 
respectively Y profiles of the HT-Zr3Ta surface 
sample obtained by interferometry measurements 
with Wyko NT1100 system in VSI (vertical scanning 
interferometry) mode at the boundary between an 
area where zirconium oxide layer was removed and 
the rest of the zirconium oxide area. From diagrams 
presented in figure 10, it can be seen that the 
zirconium oxide layer thickness is about 50 microns. 
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Fig. 9a – SEM image for AC-Zr3Ta alloy ×1500. 

 

 
Fig. 9b – SEM image for AC-Zr3Ta alloy ×20000. 
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Fig. 9c – EDX analysis of AC-Zr3Ta alloy. 

 

 
Fig. 9d – SEM image for HT-Zr3Ta alloy ×700. 
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Fig. 9e – SEM image for HT-Zr3Ta alloy ×2400. 

 
 

 
Fig. 9f – EDX analysis of HT-Zr3Ta alloy. 
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Table 4 

Concentration of ions in electrolyte after ion release phenomena 

Concentration, ppm Element 
               Electrolyte 

 
Zr 

  
Ta 

  
Co 

 
Cr 

 
Ni 

 
V 

After electrochemical 
measurements of AC-

Zr3Ta alloy 

 
25 

 
0.35 

 
0.01 

 
0.05 

 
0.05 

 
0.008 

After electrochemical 
measurements of HT-

Zr3Ta alloy 

 
0.01 

 
0.001 

 
0.005 

 
0.03 

 
0.02 

 
0.006 

 

 
Fig. 10a – 3D surface profile of HT-Zr3Ta sample. 

 

 
Fig. 10b – X and Y profile of HT-Zr3Ta sample. 
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CONCLUSIONS 

A new biomedical metal-ceramic composite 
with improved surface properties and higher 
corrosion resistance was obtained. 

As a result of the analysis of the polarization 
curves and kinetic parameters determined through 
Tafel straight lines extrapolation, a significant 
improvement of corrosion resistance can be 
viewed, as a result of the heat treatment. Thus, the 
corrosion current density decreases the polarization 
resistance of the interface passive film increases, 
the corrosion rate decreases and the passive 
potential range increases. 

According to EIS measurements, the corrosion 
resistance increased after the heat treating of 
samples due to the formation of zirconium oxide 
ceramic layer. The oxide/metal interface is 
continuous, without pores or voids which might be 
detrimental to oxide adhesion. The ceramic like 
zirconia surface layer is highly adherent to the 
metal alloy and further supported the use of this 
new alloy as a scratch-resistant counter face for 
total joint replacement prostheses. 

Formation of black non-stoichiometric oxide of 
about 50 microns thick with much more protective 
properties after heat treatment was visually 
observed and obvious pointed out through X-Ray 
diffraction analysis, SEM analysis and interferometry 
measurements.  

ICP-MS spectrums show a significant reduction 
of ions concentration from fetal bovine serum 
electrolyte used to alloy samples testing, as a result 
of heat treatment, which corresponds to the 
reduction of ion release phenomenon that appears 
at an orthopedic implant inside the human body 
during his period of life. 

The heat treatment applied to Zr3Ta alloy 
improves its corrosion behavior, reduces the ion 
release phenomenon and removes the cytotoxic 
and allergenic (Co, Cr, Ni, V) elements. Also, the 
heat treatment increases alloy biocompatibility, 
improves the surface mechanical properties and 

finally, increases the life period of implants made 
from these materials and exploitation security. 
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