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Abstract The potential use of anodised zirconium as

permanent implant has been investigated. Zirconium was

anodised at constant potential between 3 and 30 V in

H3PO4. Electrochemical assays were conducted in simu-

lated body fluid solution (SBF) in order to evaluate the

effect of the surface oxide on the corrosion resistance in

vitro after 30 days of immersion. The rupture potential

increases when increasing thickness of the anodic surface

film. The increase in the barrier effect when increasing

anodising potential is also verified by EIS. Anodisation in

H3PO4 proved to increase the apatite formation capability

of zirconium in a single step. In vivo bone formation was

also analysed by implanting the modified materials in

Wistar rats. Anodised Zr presents higher corrosion resis-

tance in SBF in all the studied immersion times when

compared with non anodised Zr. Additionally, in vivo

experiments evidence bone generation and growth in

contact with zirconium implants both in the as-received

and anodised condition.

1 Introduction

Valve metals are receiving increasing attention both as

alloying components of titanium and as base materials for

biomedical applications. Aluminum and vanadium are

being substituted by niobium, zirconium and tantalum in

biomedical titanium alloys because of their apparent rela-

tion with certain severe affections [1, 2]. Some of the alloys

being currently studied are Ti–35Nb–7Zr–5Ta, Ti–50Zr %,

Ti6Al7Nb and Ti5Al2.5Fe [3–6]. In these alloys, lower

metallic ion release than in the Ti–6Al–4V alloy or pure Ti

has been found [7, 8].

The promising results of zirconium obtained in some in

vitro and in vivo studies have pointed out this metal as a

potential material for permanent implants [9–12]. The good

performance of zirconium has been mainly attributed to its

surface oxide film. The presence on a native ZrO2 oxide

(zirconia) on zirconium surface determines the low corro-

sion rate of the material, and therefore the low metal ion

release to the biological media [13–16]. Moreover, zirco-

nia, as a bulk ceramic material is widely used in dental

applications due to its excellent biocompatibility and pro-

ven capability to facilitate the osseointegration process

[17–21].

Increasing bioactivity while keeping low corrosion is

one the main objectives of most of the research being

performed on metallic materials for permanent implant

applications. It has been extensively proved that the suc-

cess or failure of the osseointegration process is determined

by the surface characteristics in different space length
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scales [6, 22–25], and those materials where osseointe-

gration occurs, have a lower implant replacement rate [6].

Surface modification induced by anodisation in the

conditions presented in this work corresponds to a surface

design criteria based on the modification of chemical and

topological features in the nanometric range with the aim

of promoting osseointegration of zirconium permanent

implants. Since an additional requirement of metal implants

is the corrosion resistance in body fluids for long periods,

the electrochemical in vitro response of anodised zirco-

nium was systematically studied in order to determine the

effect of the surface modification process on the corrosion

resistance of this metal. Precipitates on anodised zirconium

samples, detected after 30 days of immersion in SBF were

characterized by means of Raman spectroscopy. The

osseointegration capability was also evaluated, by means of

in vivo implantation of anodised zirconium implants in

Wistar rats, where histological analysis of bone formation

was performed.

2 Experimental

2.1 Material and anodising treatment

In vitro experiments were carried out using commercially

pure zirconium sheets (99.5 % Roberto Cordes S.A.,

Argentina) from which 20 9 15 9 0.127 mm specimens

were cut. The electrodes were anodised for 60 min in

1 mol L-1 H3PO4 at constant potentials between 3 and

30 V. The sample conditioning and oxide growth details

were previously reported [26].

Wire (diameter: 1 mm) samples were anodised at 30 V

with the same procedure employed on sheets, to be used as

permanent implants in the in vivo experiments.

2.2 Simulated body fluid solution (SBF)

Electrochemical and immersion tests were performed in a

solution with ion concentration similar to blood plasma,

that has been extensively used to evaluate the in vitro

behavior of biomaterials [27, 28]. All reagents were pro-

vided by Sigma-Aldrich (analytical grade, 85.0 %) and

ultrapure water (18.2 MX cm, Millipore) was used

throughout. The solution was buffered to pH 7.4 with

concentrated HCl and tris(hydroxymethyl)aminomethane

(tris).

2.3 Electrochemical studies

Zirconium electrodes in the as-received condition and

anodised at different potentials were electrochemically

studied in SBF using a conventional three electrode cell

with a saturated calomel electrode (Radiometer Analytical,

France) as reference and a platinum wire as counter elec-

trode. Measurements were performed after 24 h of immer-

sion in SBF. Before each measurement, the potential was

left to stabilise for 40 min at open circuit potential (OCP).

A Reference 600TM Potentiostat–Galvanostat-ZRA (Gamry

Instruments, USA) was used and potentiodynamic polari-

sation curves were measured from the OCP to 1.5 V or

until the current density reached a value of 10-2 A cm-2,

and backwards at a sweep rate of 0.002 Vs-1.

Electrochemical impedance spectroscopy (EIS) mea-

surements were carried out using a PCI4 750/potentiostat/

galvanostat/ZRATM (Gamry Instruments, USA). The ampli-

tude of the perturbation signal was 10 mV rms and the

impedance was measured between 10-2 and 106 Hz. The

impedance data was fitted to equivalent circuit models with

Zplot for Windows software [29].

Anodic polarization and EIS measurements were repe-

ated after 30 days of immersion in SBF for zirconium in

the as-received condition and anodised at 30 V.

2.4 Immersion test

Zirconium samples in the as-received condition and ano-

dised at 30 V were maintained in SBF following the rec-

ommendations of the ISO 23317:2007(E) standard [30].

The specimens were kept in SBF solution for 30 days at a

constant temperature of 37 �C. The sample area (in mm2)

to the solution volume (in ml) ratio was set equal to 10

[31]. After 30 days the surface was assessed by Raman

spectroscopy.

2.5 Surface characterization

The crystalline phases corresponding to precipitates on

anodised zirconium were determined by Raman spectros-

copy using an Invia Reflex confocal Raman microscope

(Renishaw, UK). The Raman spectra were obtained using

a 514 nm argon laser with a 509 objective lens. No ther-

mal effects were observed for the samples during these

measurements.

2.6 In vivo experiments

In vivo experiments were conducted on 4 Wistar adult rats

(weighted 350 ± 50 g), according to the codes and rules of

the Interdisciplinary Bio-Ethics Program University of Mar

del Plata (April 2005). The surgical and preparation sam-

ples procedure was described before [32, 33]. Briefly, the

as-received and anodised Zr implants wires of 1.5 cm

length were sterilized in an autoclave for 20 min at 121 �C,

rats were anaesthetized with fentanyl citrate and droperidol

according to their weight. Zirconium wires corresponding
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to the as-received condition and anodised at 30 V were

placed by press fit into the tibia, extending them into the

medullar canal. Both conditions were implanted on each

animal, for the sake of comparison. The animals were

sacrificed with an overdose of intraperitoneal fentanyl cit-

rate and droperidol after 60 days. Conventional X-ray

radiographs were taken before retrieving the samples for

control purposes. The bones with implants were ablated,

cleaned from surrounding soft tissues and fixed in neutral

10 wt % formaldehyde for 24 h. Then they were dehy-

drated in a series of ethanol–water mixture and finally

embedded in methyl methacrylate (PMMA) solution and

polymerized. The PMMA embedded blocks were cut with

a low speed diamond blade saw (Buehler GmbH), to obtain

100–150 l thickness sections.

Histological sections were stained with toluidine blue

stain solution in order to analyse the soft tissue and the

bone lining cells [34]. The stained sample sections were

observed using optical light microscopy (Olympus, BH2,

Japan).

3 Results and discussion

A complete surface and electrochemical characterisation of

zirconium before and after anodisation in phosphoric acid

was previously presented [26, 35]. It was demonstrated that

anodic oxides forms isolated irregular structures on the

surface, increasing size and coverage when increasing the

anodisation voltage. Monoclinic ZrO2 was the only crys-

tallographic phase detected in anodised zirconium, with the

incorporation of phosphates from the anodising electrolyte,

meanwhile tetragonal ZrO2 was the main feature detected

for the as-received condition. It was also determined a

characteristic colour for each anodising potential and it was

verified by EIS the thickness increase of the anodic films

when rising anodic voltage [26, 35]. Therefore, it was

proven that anodisation induces both chemical and topo-

logical changes on zirconium.

3.1 Electrochemical tests

3.1.1 Anodic polarization

Anodic polarization curves after 24 h immersion in SBF

solution of zirconium as-received and anodised at different

potentials are shown in Fig. 1.

The corrosion potential (Ecorr) moves in the positive

direction when increasing the anodising potential, evi-

dencing a nobler surface of the anodic films when

increasing its thickness [36, 37]. The same tendency is

observed when analyzing the rupture potential. The rupture

of the passive film during anodic polarization was observed

in all the studied conditions but the anodised at 30 V,

where the material remains in the passive state during the

anodic polarization test in the domain of the assayed

potentials in this study. This behavior can be attributed to

an increase in the anodic oxide coverage and thickness of

the film obtained at this potential.

An increase in the rupture potential, together with

decreasing passive current density of one order of magni-

tude between as-received zirconium and zirconium ano-

dised at 30 V is observed. The localized rupture of the

surface protective film and further anodic dissolution of

zirconium metal forming pits mainly on the edges of the

samples evidences the aggressiveness of this simulated

biological media. The susceptibility of zirconium to

localized corrosion during anodic polarization was previ-

ously reported in other simulated biological media,

including Hank’s solution, phosphate buffer solution and

Ringer solution [38, 39]. In those works, alloying elements

seem to increase the corrosion resistance of zirconium.

The aggressive effect of chloride ions on zirconium alloys

was studied by El-Mahdy et al. [40]. They determined that

chloride ion induces localized corrosion during anodic

polarization. Hiromoto et al. determined that Zr65Al7.5-

Ni10Cu17.5 zirconium alloy is susceptible to both localized

and general corrosion in chloride containing media, and

stated that the effect is independent of the pH [41].

3.1.2 EIS

Figure 2 shows Bode plots of zirconium as-received and

anodised at different potentials, after 24 h of immersion in

SBF. An increase of total the impedance of the system

Fig. 1 Anodic polarization curves after 24 h of immersion in SBF

solution of (filled square) Zr as-received, and anodised at: (open
square) 3 V, (filled circle) 6 V, (open circle) 9 V, (filled triangle)

18 V, (open triangle) 24 V, (Asterisk) 30 V
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when increasing the anodising potential is observed,

together with a shift to higher frequencies in the high fre-

quency domain of the phase angle versus frequency plot,

raising the angle close to 90�. Both characteristics of the

EIS response can be related to an increase of the barrier

effect of the anodic films obtained at higher anodising

potentials, which is in agreement with the decrease in

current density observed by anodic polarization curves.

EIS results of zirconium as-received can be accurately

reproduced with the equivalent circuit presented in Fig. 3a.

This circuit represents the response of a protective dense

layer on the metal surface that acts as a barrier between the

metal and the solution [42–44]. In the circuit, Re represents

the solution resistance, whereas Q and R represent the

pseudocapacitance and the resistance associated to the

native oxide respectively.

All anodised samples could be fitted using the equiva-

lent circuit shown in Fig. 3b, where the sub-indices 1 and 2

in the circuit components correspond to the outer and inner

oxides respectively. In this representation, the inner layer,

in contact with the metal substrate acts as a dense structure

while the outer is a more porous layer in contact with the

electrolyte. This circuit has been used to describe a double

layer structure of surface films in different systems, includ-

ing titanium surface oxides in contact with SBF solutions

[45–48].

For the simulation of impedance plots, a constant phase

element impedance contribution (ZCPE) was used instead of

an ideal capacitor to explain the deviations from a slope of

-1 in the modulus Bode plot. The impedance of a constant

phase element (ZCPE) is given by [49]:

ZCPE ¼ 1=Q jxð Þa ð1Þ

where Q is a parameter independent of frequency. When

a = 1, Q has units of capacitance (F cm-2) and represents

the capacitance of the interface. When a\ 1 the system

shows a behaviour that can be attributed to surface heter-

ogeneity or to a distribution of time constants and Q have

the units saX-1 cm-2. a is a coefficient associated with

system homogeneity [49–53].

Taking into account the morphology of the oxide films

grown on zirconium observed by SEM and considering the

surface film as a blocking electrode [53] the model

developed by Brug et al. [51] was used to determine the

effective capacitance of zirconium when immersed in SBF

solution. Ceff values where therefore determined by:

Ceff ¼ Q1=aR 1�að Þ=a
e ð2Þ

where Re is the electrolyte resistance and all the other

parameters have the same meaning as in Eq. (1) [53].

The decrease of the effective capacitance when increas-

ing anodising potential is evidenced in Table 1 and Fig. 6,

and can be related to the increase of the surface oxide film

thickness. However, since the effective capacitance values

are minor than those reported for the anodic oxides in

contact with the anodising solution [35], the values

obtained in SBF may also include the effect of interactions

between the surface films and the solution, as adsorbed

species from the electrolyte incorporated to the surface.

3.1.3 Electrochemical behavior after 30 days

of immersion in SBF solution

3.1.3.1 Anodic polarization Anodic polarization curves

of zirconium both in the as-received condition and ano-

dised at 30 V, after 30 days of immersion in SBF are

shown in Fig. 4a, b. In both conditions an increase in

current density in the passive range is observed after the

Fig. 2 Bode plots after 24 h in SBF solution of (filled square) Zr

as-received, and anodised at: (open square) 3 V, (filled circle) 6 V,

(open circle) 9 V, (filled triangle) 18 V, (open triangle) 24 V,

(Asterisk) 30 V. Solid line shows the equivalent circuit fitting

Fig. 3 a Equivalent circuit used to fit the experimental results of

as-received zirconium. b Equivalent circuit used to fit the experi-

mental results of anodised zirconium
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immersion period. This is indicative of certain degree of

deterioration of the passive film during immersion. How-

ever, after 30 days, the passive current density remains in

low values. Moreover, anodised zirconium presents after

30 days of immersion in SBF solution similar passive

current density compared to untreated metal, but lower

current density in the surrounding of the corrosion potential

besides, anodized Zr shows a higher rupture potential

indicating a broad range of stability of this material.

3.1.4 EIS

Figure 5 shows Bode plots comparing EIS results of zir-

conium as-received and anodised at 30 V after 24 h and

30 days of immersion in SBF. A decrease in the total

impedance when increasing immersion time is observed in

both surface conditions, that evidences a deterioration of

the barrier effect of both surfaces with immersion in SBF

solution. However, after the prolonged immersion time,

anodised samples evidence higher impedance values than

Table 1 Effective capacitance of zirconium surface film anodised at different potentials after 24 h immersion in SBF solution

Anodising

potential (v)

0 3 6 9 12 18 24 30

Ceff

(F cm2)

4.2 10-8

± 0.2 10-8
1.1 10-8

± 0.3 10-8
6.8 10-7

± 0.2 10-7
4.0 10-7

± 0.2 10-7
3.8 10-7

± 0.2 10-7
3.5 10-7

± 0.5 10-7
1.7 10-7

± 0.2 10-7
3.3 10-7

± 0.6 10-7

Fig. 4 Anodic polarization curves of (a) As-received zirconium after

(filled circle) 24 h and (open circle) 30 days of immersion in SBF

solution. (b) Zirconium anodised at 30 V after (filled circle) 24 h and

(open circle) 30 days of immersion in SBF solution

Fig. 5 EIS results of (a) As-received zirconium after (filled circle)

24 h and (open circle) 30 days of immersion in SBF. (b) Zirconium

anodised at 30 V after (filled circle) 24 h and (open circle) 30 days of

immersion in SBF
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the as-received condition. Zirconium anodised at 30 V

presents a shift in the phase angle versus frequency plot to

the higher frequencies region together with a decrease in

phase angle at low frequencies. These two characteristics

can be related to the blocking of surface defects with

porous deposits (which lead to the decrease in the total

impedance) that conducts to an increase of the thickness of

the deposits (in accordance with the phase angle shift) [54].

These results are in good agreement with the deposits of

Ca–P rich compounds determined with SEM [26].

Effective capacitance of surface films after 30 days of

immersion present differences from those obtained after

24 h of immersion (Fig. 6). In the as-received material, the

electrolyte-film-metal interaction is represented by an

increase in capacitance, related to the deterioration process

occurring on the native oxide film that probably includes

the filling of the oxide pores with the electrolyte. On the

contrary, in anodised zirconium, the capacitance decreases.

The later can be associated to an increase in the surface

layer thickness, and to permittivity changes that can be

related to the presence of Ca–P rich precipitates covering

the oxide surface film, as was observed by SEM and further

corroborated by Raman (see Sect. 3.2) [26].

3.2 Surface modifications after immersion in SBF

In a previous work, precipitates of acicular crystals on zirco-

nium anodised at 30 V after 30 days of immersion in SBF

were observed by SEM and the presence of Ca, Na, K and Mg

was detected with EDS [26]. On the contrary, on as-received

zirconium neither morphology changes nor Ca compounds

were detected on the surface after immersion [26].

Figure 7 shows the Raman spectra corresponding to the

precipitates formed on zirconium anodised at 30 V and the

comparison with the spectrum of the same material without

immersion in SBF. Besides the peaks corresponding to the

zirconium oxide, three new bands appear, at 430–438,

551–557 and 986–1014 cm-1, and a shoulder at 1,043 cm-1.

These bands can be attributed, to vibrational modes of

phosphates in apatites [55–57]. In accordance with EDS

and SEM results [26], no peaks assignable to Ca–P com-

pounds were detected on untreated zirconium after 30 days

of immersion in SBF solution.

Electrochemical surface modification processes to

promote Ca–P rich compounds precipitation during

immersion in simulated body solutions are being recently

explored. Uchida et al. first determined this kind of pre-

cipitates on zirconium treated in alkaline media [58]. The

alkaline treatment was also applied to titanium alloys

containing zirconium [59], whereas Tsutsumi et al. per-

formed cathodic polarization treatments in Hanks solution

to obtain Ca–P compounds on the metal surface [60, 61].

Recently, Ha et al. have studied the increase in biocom-

patibility of zirconium by means of micro arc oxidation

treatments followed by alkaline treatment [62]. All the

above named treatments were able to induce Ca–P rich

compounds on the metal surface. However, the corrosion

stability of these thick and porous films has not been

reported. Compared to those surface modification pro-

cesses, anodisation in H3PO4 showed in this work proved

to increase the apatite formation capability of zirconium

in a single step, without any further chemical treatment or

cathodic polarization required to induce the precipitation of

Ca–P compounds.

Fig. 6 Effective capacitance of surface films on zirconium anodized

at different potentials after immersion in SBF during (filled square)

24 h and after (open circle) 30 days of immersion

Fig. 7 Raman spectra of Zr anodised at 30 V: thick line prior to

immersion in SBF solution, shaded line after 30 days of immersion in

SBF solution

166 J Mater Sci: Mater Med (2013) 24:161–169

123



3.3 In vivo test

Figure 8a–c show the optical microscopic images of Giemsa

stained sections of the as-received and anodised zirconium

samples after 60 days of implantation in rat tibia.

In both conditions a newly formed tissue can be seen at

the periphery of the implants, showing a bioactive and

behaviour, similar to the results obtained by other authors

when comparing the bone formation around zirconium

metal without any further treatment and zirconium with a

ZrO2 coating by sol gel [63]. After 60 days of implantation,

the newly-formed tissue around the implant is continuous,

presenting osteocytic lacunae, as it is showed with an arrow

in Fig. 8c, also it can be observed an osteoblast-rich sur-

face at both sides of the newly-growth tissue, which shows

a continuous bone growth.

Further work is being developed in order to characterize

the quality and degree of mineralization of the bone formed

with both surface treatments.

4 Conclusions

Zr presents a low passive current density for all the

anodising conditions studied after 24 h of immersion in

SBF, although shows susceptibility to localized corrosion

during anodic polarization for all conditions but 30 V.

The rupture potential increases when increasing thickness

of the anodic surface film. The increase in the barrier

effect when increasing anodising potential is also verified

by EIS.

After 30 days of immersion in SBF solution, the elec-

trochemical tests demonstrated certain degree of deterio-

ration of the surface protective film on zirconium, in both

the as-received and the anodised at 30 V samples. Although,

the impedance modulus remain showing a higher corrosion

resistance for the anodised condition with respect to the

as-received zirconium.

Immersion tests demonstrated the presence of apatite on

the surface of anodised zirconium after 30 days in SBF.

Anodisation in H3PO4 showed to increase the apatite for-

mation ability of zirconium in a single step, without any

further treatment in order to induce the precipitation of

Ca–P compounds.

Surface modification of zirconium by anodisation has

proved to be a treatment that can keep corrosion parameters

in low values while is able to promote Ca–P compounds

precipitation on the surface endorsing the bioactivity of the

material and promoting bone regeneration. In vivo exper-

iments evidence bone generation and growth in contact

with zirconium implants both in the as-received and ano-

dised conditions. Although osseointegration is observed in

anodised and as-received materials, the bone quality of the

generated bone has to be analyzed in terms of bone

maturity and cell proliferation.

Fig. 8 Optical microscopic image of Giemsa stained histology

section showing the implant and the newly formed bone around

a as-received and b the anodised Zr samples after 60 days (109).

c Detailed optical microscopic image of Giemsa stained histology

section of the anodised zirconium showing the bone growth around

the implant (209). The arrows indicates the presence of osteocitic

lacunae
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It is worth noting that in vitro tests regarding the apatite

formation ability is not in agreement with the in vivo

results presented, since according to the former, as-

received Zr does not show ‘‘signs of being an apatite

forming surface’’ in vitro, while the bone formation around

the implants is clearly verified. This discrepancy reinforces

the importance of the animal model studies related to bone

formation surfaces.
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