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Abstract Present work describes investigations of a two-step
process consisting of galvanostatic anodising in a 1 M H2SO4

solution at 100 mA cm−2 up to the limiting voltages of 20, 60,
80, 100 and 120 V, directly after which potentiostatic regime
was employed and the current was allowed to drop. The total
treatment time (5 min) was held constant for all samples. The
treatment was carried out to improve the corrosion resistance
of zirconium in physiological conditions, which was deter-
mined by electrochemical evaluation in Ringer’s solution.
XPS studies revealed that after anodising sulphur was incor-
porated into the oxide film in the form of sulphated zirconia.
The maximum content of sulphate in the oxide layer was
observed after anodising at 80 V. Anodising at higher voltages
resulted in formation of coatings with decreasing amount of
sulphur. It was found that there is a strong correlation between
the sulphur content in the oxide layers and the measured cor-
rosion current density. On the other hand, the pitting corrosion
resistance seemed to be unaffected by the presence of S and it
was improving with the increasing limiting voltage of the
treatment.
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Introduction

Zirconium is a valve metal, i.e. it spontaneously forms a thin,
tightly adhering zirconia passive layer onto its surface when
exposed to an oxidising environment, be it oxygen from air or
other oxidiser [1]. Because of its barrier properties, character-
istic for valve metals, zirconia film is capable of preventing
current flow under anodic polarisation because of continuous
growth of non-conducting oxide layer on top of the naturally
existing one. The growth of the oxide is allowed because of
the migration of defects (Mn+ ions or oxygen vacancies) in the
passive layer, and it can take place either at the metal/oxide
interface, oxide/electrolyte interface or in the bulk of the ox-
ide, depending on the transport numbers of a particular defect.
The metal ions can be carried to the oxide/electrolyte interface
and hydrolysed by the aqueous solution forming fresh oxide,
while oxygen vacancies generated at the metal/oxide interface
can be re-occupied at the oxide/electrolyte interface by
oxygen ions [2, 3]. If the polarisation of such metal would
be reversed (cathodic), the flow of current would still be
blocked; however, only at very low voltages beyond
which partial reduction of the barrier oxide occurs and
further flow of current is no more hampered [4]. Depending
on the conditions of anodic oxidation of zirconium, i.e.
voltage, current density, electrolyte composition and tem-
perature, it is possible to grow oxide layers as thick as
several hundred nanometers [5]. There is a limit above
which uniform oxide growth cannot be sustained because
of oxide breakdown. It was demonstrated by [6], that galva-
nostatic anodic oxidation of zirconium in sulphuric acid leads
to stress-induced oxide breakdown above 120 V.

Zirconium and zirconia are biocompatible, and therefore,
they are eagerly applied in the field of biomedical engineering,
especially for dental implants [1]. Zirconia has been known to
be a promising ceramic material since in the late 1960s [7, 8].
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Its first successes as femoral headmaterial for hip replacement
implants were noted not long after.

Proper preparation of biomaterial surfaces for
endoprostheses involves a wide array of treatments, among
which a few electrochemical techniques can be discerned, such
as electrochemical polishing [9], mangetoelectropolishing [10],
plasma electrolytic oxidation [11] and conventional anodic ox-
idation [12]. The latter is a widespread technique for surface
finishing of metallic implants because it realises two goals:
increases biocompatibility of metallic surfaces by forming an
oxide layer and it inhibits corrosion of an implant [4–6, 8, 12].
In the present study, pure zirconium was subjected to chemical
etching and galvanostatic anodisation in a sulphuric acid solu-
tion at different voltages. Resulting anodic layers were
characterised using scanning electron microscopy (SEM) and
X-ray photoelectron spectroscopy (XPS). To assess the corro-
sion resistance of anodised zirconium in physiological condi-
tions, electrochemical corrosion tests were performed in
Ringer’s solution at 37 °C.

Materials and methods

Sample preparation

Square coupons (10 × 10 mm) of pure zirconium (BIMO
Metals, Wrocław, Poland) were used throughout the measure-
ments. Pretreatment comprised of mechanical grinding up to
#800 grit size, chemical etching in a solution containing 1 M
HF and 4 M H2SO4 for 2 min and degreasing in a 2-propanol/
water mixture (1:1 vol.) for another 2 min. The pretreated
samples were dried in a stream of air. Etched samples (Zr
0 V sample) were then DC anodised in a 1 M H2SO4 solution
using a two-step procedure. First, the sample was anodised
under galvanostatic conditions (100 mA cm−2) up to a range
of limiting voltages (Zr 20–120 V), then the process was

switched to voltage control and the current was allowed to
drop, so as to keep the voltage constant. The total processing
time was set to 5 min. The two-step character of the procedure
can be observed in Fig. 1. A high-voltage DC power supply
(PWR 600H, Kikusui, Japan) was used during the treatment.
Zirconium coupons served as anodes while the cathode was
made from titanium. Electrolytic cell was cooled with a cryo-
stat (temperature was set to 15 °C). After anodising, the sam-
ples were rinsed thoroughly with distilled water to get rid of
the residual electrolyte.

Surface morphology investigations

Surface morphology of the zirconium specimens was studied
using a scanning electron microscope (accelerating voltage
=15 kV; Phenom ProX, Phenom-World BV, Netherlands).

Surface composition analysis

Chemical composition of the resulting anodic oxide films
was determined using X-ray photoelectron spectroscopy
(PHI XPS Versaprobe 5000 spectrometer, ULVAC-
Physical Electronics, USA). The spectrometer was
equipped with a spherical quartz monochromator and en-
ergy analyser working in the binding energy (BE) range
of 0–1500 eV, an electrostatic focusing system and mag-
netic screening. The energy resolution of Al Kα X-ray
source was approximately 0.5 eV and spot size of the
beam was equal to 200 μm. Prior to measurements, the
samples were incubated in ultra-high vacuum (10−7 Pa)
for 24 h. The ULVAC-PHI MultiPak 9.2 software was
used for the spectra post-processing and the residual back-
ground was removed by the use of the Tougaard method.
The energy of C 1s core excitation (BE = 284.5 eV) was
used to calibrate the measured XPS spectra.

Fig. 1 Voltage-time and current
density-time relationships for the
Zr sample anodised up to 120 V,
showing the two-step anodisation
procedure used for preparation of
the Zr specimens. The inset shows
the magnified relationship of the
first step anodisation
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Corrosion resistance experiments

Electrochemical experiments were used to determine
corrosion resistance of the modified surfaces of zirconi-
um. All measurements were performed in Ringer’s so-
lution (8.6 g dm−3 NaCl, 0.3 g dm−3 KCl and
0.48 g dm−3 CaCl2·6H2O; Baxter, USA) at 37 °C to
simulate physiological environment. A 250 cm3 corro-
sion measurements cell adopted for flat samples (Bio-
logic Science Instruments, France), filled with Ringer’s
solution was used for electrochemical analyses. A zirco-
nium specimen served as the working electrode, where-
as saturated calomel electrode (SCE) with a Haber–
Luggin capillary was used in the experiments as the
reference electrode. A platinum mesh was employed as
the auxiliary electrode. The experiments were conducted
using PARSTAT 4000 potentiostat-galvanostat (Princeton
Applied Research, USA) equipped with an FRA unit
and operated by VersaStudio software. The following
procedures were used:

1. The sample was immersed in Ringer’s solution, while the
open-circuit potential (OCP, EOC) was recorded for
7200 s.

2. Linear polarisation resistance (LPR) was then performed
with the scan in the potential range ± 30 mV vs. OCP
(scan speed =0.1 mV s−1).

3. Followed by the cathodic (0 to −200 mV vs. OCP) and
anodic (0 to +400 mV vs. OCP) potentiodynamic
polarisation scans (scan speed =1 mV s−1).

4. Finally, the potentiodynamic polarisation in the potential
range from +400 mV vs. OCP to Ebreak vs. SCE (scan
speed = 10 mV s−1) was realised.

Corrosion current density, icorr, was calculated according to
Stern-Geary method [13]:

icorr ¼ βaβc

2:3 βa þ βcð Þ
1

Rp
¼ B

Rp
ð1Þ

where βa and βc are anodic and cathodic Tafel slopes and Rp

denotes polarisation resistance (extracted from LPR).

Results and discussion

Exemplary voltage-time and current time progressions recorded
during anodisation of Zr in 1MH2SO4 up to 120Vare shown in
Fig. 1. During the first moments of the anodisation, constant
current (100 mA cm−2) was flowing through zirconium speci-
mens (Fig. 1 inset). The anodic current was associated with the
growth of the oxide layer on zirconium. The voltage of
anodisation was increasing with time due to the barrier proper-
ties the oxide layer, which resistance increased linearlywith time
up to ca. 40 V. Then, the slope of the curve decreased slightly
whichwas concurrent with the onset of evolution of oxygen gas.
The intensity of evolution of gas was increasingwith the applied
voltage. Once the limiting voltage was attained, the current
dropped to a value of approximately 10 mA cm−2.

SEM images of zirconium specimens after chemical etching
and after anodic oxidation in sulphuric acid up to a range of
limiting voltages (20–120 V) are presented in Fig. 2.
Characteristic scratches after grindingwere removed after chem-
ical etching (Fig. 2a). The surfacemicrostructure of the anodised
zirconium samples closely resembled the one observed on the
samples whichwere subjected to etching alone (Fig. 2b), regard-
less of the applied limiting voltage. The growth of the oxide was

Fig. 2 SEM images of zirconium
surface after chemical etching in
HF and H2SO4 solution (a) and
after anodising at 120 V (b).
Below the micrographs,
macroscopic images revealing the
colours of the surfaces are
presented
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uniform which gave rise to interference colours [14] (Fig. 2).
Oxide breakdown was not observed during the treatment.

In Fig. 3, XPS survey and core excitation spectra of Zr after
chemical etching (Zr 0 V) and after subsequent anodising (Zr

20–120 V) are presented. XPS survey spectrum of chemically
etched Zr consists of F 1s (due to pretreatment in HF), O 1s, Zr
3s, Zr 3p, C 1s, Zr 3d, Zr 4s and Zr 4p lines. After the anodic
treatment in H2SO4, additional lines of S 2s and S 2p were
detected. The analysis of XPS Zr 3d spectra (Fig. 3b) shows
that there was a large overlap between the spectra of all sam-
ples and a reference spectrum of ZrO2 [15]. In the spectrum of
chemically etched zirconium, a trace of metallic Zr signal was
detected which indicates that the oxide layer was thin enough
to detect the signal from the underlying metal. These signals
were not observed in the spectra of the anodised Zr. A small
low-energy shift and broadening in the XPS Zr 3d-spectra is
observed with increasing anodisation voltage towards the sig-
nal characteristic for sulphated zirconia (ZrO2–SO4) [16]. It is
important to note that the detectable signals of S 2p were

Fig. 3 XPS survey spectra (a) and Zr 3d (b), S 2p (c) and O 1s (d) core
excitation spectra determined for the Zr anodised in sulphuric acid
solution

Fig. 4 XPS valence spectra measured for the Zr samples anodised in
sulphuric acid solution (a) and the magnification of the spectra at BE
16–0 eV (b)
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found after the anodic treatment at all voltages (20–120 V)
with maximum content at 80 V (see also Fig. 3c).

The binding energies in the S 2p spectra found close to
169.5 eV were similar to that of CuSO4 [17], which might
suggest the presence of sulphate ions (Fig. 3c). This conclu-
sion was confirmed by the analysis of XPS O 1s spectra
(Fig. 3d), where besides the signal from O–Zr bonds at
530.5 eV (corresponding to the formation of ZrO2 [15]), an
additional line at ~532 eV was observed. The latter can be
related to the formation of O–S bonds [18] with maximum
intensity after treatment at 80 V.

The XPS valence band (VB) spectra of Zr before and after
anodic treatment in H2SO4 are presented in Fig. 4. It is note-
worthy that the shapes of the XPS valence band spectra of Zr
specimens at 0–10 eV (Fig. 4a) were found to be very similar
to that of ZrO2 [12], yet some differences after the modifica-
tions could be distinguished. After anodic treatment at 20–
120 V the additional features at 11.0 and 14.1 eV were detect-
ed with maximum intensities for the specimen anodised at
80 V (Fig. 4b). The energy difference of their BEs of 3.1 eV
is found to be very close to that of sulphates (2.9–3.0 eV) [19].

The comparison of XPS VB spectra after anodising at 20–
120 V with electronic structure calculations [20] for Na2SO4

showed that these additional features arise from 3s states of
sulphur (~13 eV) and 2p states of oxygen (~10 eV) of SO4

2−

sulphate ion which can be related to the formation of
sulphated zirconia [21–23].

This counterintuitive finding that sulphur incorporation in
the oxide layer was on its peak at 80 V perhaps can be ex-
plained by taking a closer look how the anodic oxidation pro-
cess is realised. Anodising of zirconium was conducted at con-
stant current density which may imply that the coating was
growing at a constant rate, given that the formation of coating
was the only electrode reaction taking place at an oxide/
electrolyte interface. In fact, it is reasonable to assume that at
low voltages (tens of volts) most of the charge is spent on the
thickening of the naturally occurring passive layer (first 2 s of
the process—Fig. 1). This is usually evidenced by the uniform
rise in voltage with time during the process. However, at some
point, the voltage is high enough that electronic conduction
through metal oxide film can occur and oxygen bubbles gen-
eration is noticeable on the surface of the treated metal (slight
decrease in the voltage-time slope—Fig. 1) [14]. The intensity
of the generation of oxygen bubbles was increasing with the
increasing treatment time, so at higher voltages more of the
charge was devoted to the oxygen bubbles formation and the
rate at which the oxide is formed drops, and consequently,
sulphate ions could have been incorporated to the lesser extent.

�Fig. 5 Corrosion resistance of Zr before and after anodic treatment in
sulphuric acid solution presented as open-circuit potential vs. time
dependence (a), LPR plots (b), Tafel plots (c) and long-range
polarisation plots (d)
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Anodising in 1 M H2SO4 at voltages beyond 120 V results
oxide breakdown, which was assigned to the internal stress
arising during oxide growth by [6]. From the results of
Sloppy JD et al., it was found that anodisation of tantalum in
dilute phosphoric acid solution led to incorporation of phos-
phates into the oxide. This was explained by the transport of
Ta5+ ions to the oxide/electrolyte interface where it was hydro-
lysed or combined directly with phosphate species [2]. There
might by another explanation to this problem. The process was
not conducted under stirring, which might have had an effect
on the surface concentration of SO4

2− ions on Zr, since the
amount of S species in the vicinity of surface decreased with
time as they were incorporated to the oxide. Therefore, at high
voltages (100 and 120 V), S content was lower than that in the
coatings obtained after anodisation up to 80 V.

Corrosion resistance of zirconium before and after
anodising in sulphuric acid solution was assessed in
Ringer’s solution at 37 °C. First, open-circuit potential of each
sample was measured for 7200 s (Fig. 5a). For the zirconium
sample subjected only to surface pretreatment (Zr 0 V sam-
ple), the value of EOC was increasing throughout the experi-
ment and after 7200 s, it reached the value of −474.5 mV vs.
SCE (Table 1). This behaviour can be attributed to the surface
passivation, often encountered for the valve metals [1].
Figure 5a shows that anodising led to the increase in the value
of EOC of Zr in Ringer’s solution. The values of the EOC for
the anodised Zr surfaces stabilised after approximately 1800 s
and remained nearly constant until the end of experiments.
From the results, it can deduce that the higher limiting voltage
of anodisation (20–120 V) led to the generation of thicker
zirconium oxide layer which corresponds to the more positive
value of EOC. This trend was observed for the samples
anodised at 20, 60 and 120 V, with their open-circuit potentials
after 2 h equal to 180.4, 279.0 and 308.2 mV vs. SCE, respec-
tively. The surface of Zr anodised up to the voltage of 80 V
attained the value of open-circuit potential which was substan-
tially lower (−26.0 mV vs. SCE) than the remaining anodised
surfaces (Table 1). The EOC represents the so-called corrosion
potential at which both anodic and cathodic corrosion reac-
tions are occurring at the same rate. The value of EOC is dic-
tated both by the chemical composition and the thickness of
the oxide layer. The decrease in the open-circuit potential vs.

limiting anodisation voltage dependence observed at 80 and
100 V can be explained by the increase in sulphur content
within those oxide layers.

Immediately after the EOCmeasurements, potentiodynamic
experiments were conducted (Fig. 5, c). The corrosion resis-
tance parameters, such as corrosion potential, corrosion cur-
rent density and polarisation resistance, are presented in
Table 1. It should be noted that during anodic polarisation of
the Zr samples significant passivation is usually encountered,
which obscures the linear Tafel region. In order to obtain an
estimate of corrosion current density for the investigated sam-
ples, the slopes were determined as lines that intercept the
cathodic lines in the point of corrosion potential, which are
tangent to the anodic part of the polarisation curve. Dashed
lines were included in Fig. 5c to visualise how the cathodic
and anodic slopes were determined. Results suggest that after
anodising at 20 V corrosion resistance of zirconium in
Ringer’s solution was significantly improved. The corrosion
current density for the Zr 20 V sample was estimated to be two
orders of magnitude lower than that measured for the
pretreated zirconium. A slight decrease in corrosion resistance
compared to the sample anodised up to 20 V was noted for the
Zr 60 V sample. Although the surface structure observed at
SEM did not suggest any damage to the oxide layer, sulphur
content in this sample was higher than that in the Zr 20 V
sample. The similar trend was found for the sample anodised
up to 80 V, which was the least corrosion resistant among the
other anodised Zr samples. This finding is in line with XPS
results suggesting the maximum S content found in this sam-
ple. The corrosion current density decreased again for the Zr
100 V and Zr 120 V samples, with the decreasing sulphur
content in their surfaces.

It was shown that the sulphate ion content in the oxide
layers was increasing with the anodising voltage up to 80 V,
and at higher voltages, it was decreasing for the sample
anodised at 100 and 120 V. Therefore, it can be suggested that
there is a link between these two observations. Authors will
attempt to explain how could this came to be. It was demon-
strated that sulphur present within the oxide layers on
anodised zirconium was in the form of sulphates, implying
that the layer was either composed of uniformly distributed
sulphated zirconia or it contained sulphate rich regions. There

Table 1 Influence of anodic oxidation in sulphuric acid on corrosion resistance of zirconium

Sample EOC, mV vs. SCE Ecorr, mV vs. SCE |βc|, mV dec−1 |βa|, mV dec−1 Rp, MΩ cm2 icorr, nA cm−2 Ebreak, mV vs. SCE

Zr 0 V −474.5 −468.0 219 325 1.53 37.2 575

Zr 20 V 180.4 172.9 63 120 175 0.10 1550

Zr 60 V 279.0 267.2 69 133 56.3 0.35 2595

Zr 80 V −26.0 −34.7 90 305 17.1 1.76 3055

Zr 100 V 219.1 205.3 70 164 31.3 0.68 3685

Zr 120 V 308.2 300.1 86 169 43.1 0.57 3755
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are many reports on properties of sulphated zirconia synthe-
sised by various methods [21–27]. Sulphated zirconia exhibits
superacidity (highest among known solid acids, which is
quantified by the Hammet acidity scale and is equal to
−16.03 [23–25]) and can take part in hydrogen conduction
due to the presence of protogenic sites [27]. These properties
of sulphated zirconia led to the series of attempts to use it as a
solid acidic catalyst for a large gamut of industrial processes,
such as n-alkane isomerisation, esterification, etherification or
condensation reactions [24]. It is also known that sulphated
zirconia catalyses oxygen reduction reaction (ORR) which is
beneficial in the design of direct methanol fuel cells [24, 25].
In light of the presented results, it can be theorised that some
contributions to the corrosion current measured for S-rich
anodised zirconium samples might originate from proton con-
duction within anodic oxide and/or ORR catalysed by the
presence of sulphated zirconium oxide. Strong correlation be-
tween sulphur content in anodic films and corrosion current
seems to satisfy such hypothesis. On the other hand, sulphur
species incorporated in the oxide coating may have given rise
to structural defects which would have a detrimental effect of
the anticorrosion properties on the coating. In such a case, O2

−

ions could be transported within the film in oxygen vacancies
according to the point defect model [28]. Oxide coatings ob-
tained at higher voltages where there were not much sulphate
ions present in the oxide were no longer observed to accelerate
corrosion of zirconium.

Finally, the resistance to pitting corrosion of zirconium
specimens in Ringer’s solution was assessed (Fig. 5d,
Table 1). From the graph, it was clearly seen that the anodising
had a positive effect on pitting corrosion resistance. Zirconium
is susceptible to pitting in chloride solution [29] and it was
determined that the protective passive layer on pretreated Zr
sample (Zr 0) was broken down at approximately 575 mV vs.
SCE. Corrosion pits could be observed on the analysed sur-
face afterwards (not shown). Anodising at 20 V shifted the
value of breakdown voltage (Ebreak) to 1550mV vs. SCE. Due
to anodisation of zirconium specimens up to even higher volt-
ages, the shift was more and more significant (Table 1). The
presence of sulphate ions, if having effect at all, was not ob-
served to have an impact on pitting corrosion resistance of
anodised zirconium. The increase in the Ebreak for the anodised
zirconium samples can be attributed to the thickening of the
oxide layers with the increasing voltage of anodisation.
Thicker coatings were less prone to undergo the oxide break-
down at lower potentials and were protecting the underlying
metal to a larger extent.

Conclusions

Present study on the effect of galvanostatic anodising of zirco-
nium in sulphuric acid solution on chemical composition and

corrosion resistance of zirconium in Ringer’s solution surface
showed that the voltage of anodisation had a large impact on
surface properties of the obtained anodic oxide films.
Relatively, large current density used throughout measurements
led to the incorporation of sulphur species, which were identi-
fied as sulphates by XPS, at all applied limiting voltages. The
maximum sulphur content was found after anodising at 80 V.
Anodic oxide layers formed at voltages greater than 80 V
contained less sulphur than those obtained at lower voltages.
The latter was explained by the hampering of the oxide layer
growth rate beyond 80 V caused by the formation of gaseous
oxygen on the surface of zirconium. It was found that high
sulphur content in the oxide coating had a detrimental effect
on the general corrosion resistance of zirconium, while its
pitting corrosion resistance was found to be greater after treat-
ment at higher voltages. The increase of corrosion current den-
sity determined for the anodised zirconium samples was ex-
plained by the presence of sulphated zirconia detected in the
anodic films by XPS, which supports proton conduction and
catalyses oxygen reduction reaction. Anodising at voltages
above 80 V decreased sulphur content in the films and in-
creased corrosion resistance of zirconium at the same time.
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