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Abstract

The paper is focused on elaboration of ZrO, films on pure zirconium via anodizing in
phosphoric acid with and without fluoride at constant potentials of 30 V and 60 V. The
structure and composition of the films were investigated using scanning electronic
microscopy, Raman spectroscopy and X-ray photoelectron spectroscopy. The composition of
the oxides formed at both potentials can be identified as monoclinic ZrO,. In addition to Zr
and O, the layers formed in phosphoric acid contain phosphorus originating from the
phosphoric acid. When the phosphoric acid solution contains NaF, fluorine is also
incorporated into the oxide layer. The oxides formed at a higher voltage have greater
roughness than those formed at 30 V. Anodized samples exhibit smaller current densities

during anodic polarization compared to the as-received zirconium covered with native oxide.

Keywords: anodized zirconium, fluoride, XPS, corrosion resistance
Introduction

The surface characterization of materials employed in orthopaedic surgery is a topic of great
importance because the surface plays a key role in the interaction between the metal and the
host tissue. Surface modification induced by anodization under the conditions presented in
this work corresponds to a surface design criterion based on the modification of the chemical
and topological features in the micrometric range with the aim of promoting the

osseointegration of the zirconium as a permanent implant.

Zirconium is, as a valve metal, very stable in numerous aggressive media and has been
extensively used in the nuclear industry owing to its low neutron absorption and in the
microelectronic industry [1,2] due to its high dielectric constant. More recently, Zr was
investigated for biomedical applications [3-5]. It is biocompatible and has a lower ion release
than Ti in bioenvironments due to its native passive oxide, which acts as a protective layer,
according to the results obtained in Hanks’ physiological solution [6]. Despite the fact that
self-passivation is an easy and practical solution for biomaterials used for permanent implants,
it does not provide any possibility for the further functionalization of the surface. Modifying

the surface via anodization in phosphoric acid media seems to be a convenient way to



stimulate bone formation [7]. Furthermore, it was reported that Zr-containing Ti alloys are
nontoxic, non-allergenic and have good mechanical properties, even more suitable for
bioapplications than TiAIV [8-12]. In line with this approach, new ternary and binary alloys
with titanium have been investigated (TiAlZr and TiZr with various Zr contents), elaborating
a large variety of micro and nanostructured TiO, and ZrO, oxides at voltages between 15 and
45 V in hybrid electrolytes [9-12]. Zirconium and titanium oxides can be tailored by
controlling the anodization conditions, having structures from porous amorphous to
crystalline layers. Their stability in bioenvironments and antibacterial properties can be
correlated with their structure, denoting the relation between structure, properties and
applications [13]. In a recent work, an atomic force microscopy (AFM) study of ZrO,
fabricated in 0.1 mol/L ammonium oxalate at potentials between 0 V and 79 V showed a

continuous decrease in roughness with the decreasing anodic potential [14].

In this manuscript, the electrochemical in vitro response of anodized zirconium was
systematically studied to produce different surface topographies and to determine the effect of
the surface modification process on the corrosion resistance of this metal. Although there
have been many papers published about Ti and its alloys and Zr as an alloying element, the
available literature on pure Zr is scarce, and, according to our knowledge, no reports in Afnor
artificial saliva can be found [5-7, 11,12,15 -17]. This study presents the development of Zr
oxides by anodization in phosphoric acid with and without the addition of fluoride ions for
potential dental applications. F~ ions are known as strong modifiers of the structure of anodic
oxides that may lead to structures from nanopores and nanotubes to microporosity depending
on the anodic conditions [13,18, 19].

2. Experimental

2.1. Sample preparation and anodizing process

Flat samples of zirconium of 99.8% purity (Alfa Aesar) were cut into dimensions of 20 mm x
15 mm x 0.127 mm. The electrodes were anodized for 60 minutes in either 1 mol/L H3PO, or
a mixture of 1 mol/L H3PO,4 and 0.15% w/v NaF using an electrophoresis power supply
(Consort EV 231, Belgium). Before the anodization process, all of the samples were wet
polished with 600 grit SiC paper, cleaned in ethylic alcohol for 10 minutes, washed with
deionized water and dried at room temperature. Anodization was carried out in a two-
electrode cell with the zirconium sample as the working electrode and a stainless steel mesh

as the counter electrode, as described elsewhere [4].



The anodized samples were denoted as shown in Table 1.

2.2. Characterization of anodized samples

Surface characterization

The morphology and chemical composition of the oxide layers were studied by means of a
scanning electron microscope (SEM, Quanta Inspect f, USA) equipped with an electron gun
with field emission (FEG, field emission gun) and an energy dispersive X-ray spectrometer
(EDS) with a resolution of 133 eV at Mn K.

X-ray photoelectron spectroscopy (XPS) was performed with-a TFA Physical Electronics, Inc.
spectrometer using non- and mono-chromatised Al K, radiation (1486.6 eV) and a
hemispherical analyser. The mono-chromatised radiation used for the high-resolution spectra
yields a resolution of 0.6 eV, as measured on an Ag 3ds;, peak. These spectra were used to
differentiate between various species, while those obtained using non-monochromatized
radiation were used to quantify the chemical composition. The take-off angle used, defined as
the angle of emission relative to the surface, was 45°. The energy resolution was 0.5 eV.
Survey scan spectra were recorded at a pass energy of 187.9 eV, and individual high-
resolution spectra at a pass energy of 23.5 eV with an energy step of 0.1 eV. The diameter of
the analysed spot was 400 um. The values of the binding energies were aligned to the carbon
peak C 1 s at 284.8 eV. After taking the surface spectra, the depth profiling of the oxidized
layers was performed. An Ar” ion beam, with an energy level of 3 keV and a raster of 3 mm x
3 mm (sputter rate 0.67 nm/min determined on a Ni/Cr multilayer standard), was used for
sputtering.

The crystalline domains present in the anodic oxides were determined by Raman spectroscopy
using an Invia Reflex confocal Raman microscope (Renishaw, UK). The Raman spectra were
obtained using a 514 nm argon laser with a 50x objective lens. No thermal effects were
observed on the samples during these measurements.

The topography of the anodized samples was analysed using an A100-SGS atomic force
microscope (AFM) (A.P.E. Research Italy). AFM measurements were performed in contact
mode. The calculated roughness values are basically the arithmetic average of the absolute
values of the highest and lowest points of the samples, also taking in consideration the slopes
of the surface (so it does not necessarily mean that the sample with the greatest height also has
the highest roughness value). Roughness values were calculated after creating a baseline and
levelling the image with the minimum amount of image preparation, as data may be lost

during the processing.



Electrochemical characterization

After the anodizing process, the samples were electrochemically tested in Afnor artificial
saliva (Table 2) [20]. All reagents were supplied by Sigma-Aldrich (analytical grade).
Deionized water (18.2 MQ cm, Millipore) was used throughout. Electrochemical tests were
performed using a conventional three-electrode cell with a saturated calomel electrode (SCE,
Radiometer Analytical, France) as reference and a platinum wire as counter electrode. Before
each measurement, the potential was left to stabilize for 40 minutes at open circuit.
Potentiodynamic polarization curves were measured from the open circuit potential to 1.0 V
and backwards at a sweep rate of 0.002 V/s. Electrochemical impedance spectroscopy (EIS)
measurements were carried out with an amplitude of the perturbation signal of 10 mV rms,
and the impedance was measured between 102 and 10° Hz. The impedance data were fitted to
equivalent circuit models with Zplot for Windows software [21]. Electrochemical
measurements were taken at 37 °C using a Vicking 4100 (Vicking Argentine) thermostatic
bath.

3. Results and discussion
3.1 Anodization process
After the anodization process, the zirconium samples acquired different colours (Fig. 1). The

obtained colours include the same shades as in previously reported data [4].

3.2. Surface characterization: Morphology and elemental analysis

The morphology and the chemical composition of the samples were studied by SEM/EDS
analysis. SEM images of anodized zirconium samples recorded at different magnifications are
presented in Figure 2.

The oxide layers formed for samples 60P and 30 P present discontinuities distributed on the
surface. Porosity is also observed for the 30 PF and 60PF samples, together with a smoother
surface. Although some authors found a nanotubular structure in anodic films formed in F-
containing [18] aqueous electrolyte solutions, nanotubes were not observed herein in samples
formed in phosphoric acid containing fluoride. Because the electrolyte concentration,
anodization potential and time under potentiostatic control and even stirring regimen are
known to be critical parameters for the anodic film structure, the anodic film growth

parameters used in this work may not be adequate for nanotube formation. Further, more



detailed studies of anodizing parameters may be performed to evaluate the capability of NaF

additions to phosphoric acid to obtain ordered oxide structures in the nanoscale.

The topography of the anodized zirconium samples was evaluated using atomic force
microscopy. AFM images are presented in Figure 3, and the values of the surface roughness
(Ra) for the samples are presented in Table 3. Samples anodized at 30 V either with
phosphoric acid or with phosphoric acid + sodium fluoride present less roughness than those
anodized at 60 V. These results reflect changes in the topography of the zirconium surface
with anodization at different potentials, in agreement with previous reports by Cox for
anodised Zr and Zircaloy-2 in various electrolytic media [22]. The different types of surface
roughness have been extensively discussed by Loberg et al., [23], along with its relation with
the osseointegration properties of dental implants. Animal studies have shown that the
interfacial shear strength of bone-anchored implants can be increased by providing the
implant with a rough surface [24-25]. EDS measurements confirm the presence of zirconium
and oxygen in all anodized samples (Figure 4). Samples anodized in the mixture of
phosphoric acid and sodium fluoride also contain sodium and fluorine coming from the
electrolyte. Ithas been reported that fluoride ions enhance the incorporation of newly formed
collagen into the bone matrix, increase the rate of the formation of apatite on the surface and
the pull out and removal torque forces, and improve the thrombogenic properties and
osteoblast differentiation [27].

Raman spectra obtained for zirconium oxides anodized under different conditions compared
with as-received zirconium are presented in Figure 5. The spectra of all of the anodized
samples present the same peak position, relative intensity and peak shape While in as-
received pure zirconium, tetragonal ZrO, was evidenced by the presence of the main peak of
this crystallographic phase (263 cm™), in the anodized films, no evidence of tetragonal
zirconium was found. Anodic film growth at different potentials and even in different acid
electrolytes presents peaks at 177.4, 216.6, 334.1, 378.8, 476.8, 560.6, 624.8, and 756.3 cm™.
All of these peaks correspond to monoclinic ZrO,. [28-30]. The incorporation of species from
the anodizing electrolyte into the anodic films may be one reason for the broad peaks of the
Raman spectra, as was previously discussed by Ismail et al. [18].

The chemical composition of the anodized zirconium samples was further analysed using X-
ray photoelectron spectroscopy which, in addition to the general composition, offers
information on the chemical speciation as well. The layer formed by anodization comprises

mainly zirconium oxide (Table 4). Carbon is present only as adventitious carbon. In addition



to Zr and O, the layers formed in phosphoric acid contain phosphorus originating from the
phosphoric acid. N and Na are present as contaminants from solution. When the phosphoric
acid contains NaF, fluorine is incorporated into the oxide layer at concentrations greater than
that of P.

The chemical composition of the layers formed by anodization was further studied by high-
resolution spectra to identify the oxidation state of the individual elements and their chemical
environment (Figs. 6 and 7). The centre of the XPS 3ds;, peak of zirconium metal was
reported at 178.3-179.3 eV and that of ZrO, at 181.5-184.0 eV [31,32]. The centre of the
XPS 3ds, peak of anodized zirconium at 182.3-182.6 eV confirms that the surface is
completely oxidized and the peak related to zirconium metal is not present (Fig. 6a). No
significant change in peak shape or position is observed among the different anodized
zirconium samples, indicating that ZrO, is the major oxidation product under all conditions
studied. The position of the centre of the O 1 s peak depends on the hydration of the layer:
oxide component, O*", at 530.1-530.3 eV, hydroxide component, OH™ at 531.4-531.6 eV,
and water, H,0, and/or phosphate containing species, PO,%", at 532.3-532.5 eV [32-34]. The
position of the peak centre at higher binding energy, 531.5 eV, for samples anodized in
phosphoric acid only (Fig. 6b) is consistent with the larger concentration of phosphorus in the
layer (Table 4). For the samples oxidized in the solution containing NaF, the peak centres at
530.2 and 530.9 eV are located in oxide (O*") range. This shift to lower binding energy in the
presence of fluorine can be ascribed to the presence of fluorine in the oxide layer. Mixed
oxides SiO,-ZrO, prepared by the hydrolysis of H,SiFs and H,ZrFs that contain residual
fluorine show a shift in the position of the O 1 s peak as the concentration of fluorine in the
oxide increases [31]. Whilst in the ZrO,, the peak centre was at 532.4 eV, it was at 530.4 eV
in the presence of fluorine [35]. This shift agrees with the data presented herein.

The centre of the XPS 2p phosphorus peak appears at 133.2 eV (Fig. 7a). The P 2p spectrum
should theoretically be a non-resolved doublet with 2p;;, and 2ps, components with a
difference in binding energy of 0.8 eV and area ratio of 1:2. The position of the peak centre
indicates that phosphorus is present as phosphate [31-33]. Zirconium anodized in phosphoric
acid containing NaF contains fluorine (Table 4). The centre of the F 1 s peak is located at
685.2 eV (60PF) and 685.5 eV (30PF) (Fig. 7b). The position of this peak correlates with that
of zirconium(1V) tetrafluoride ZrF, (685.1 and 685.9 eV) or ZrO, containing fluorine (685.3
eV for the ZrO; containing 10.5 at.% F) [33]. The peak related to NaF occurs at a lower
binding energy (684.3 eV) [28].



To investigate the in-depth composition of the layers, XPS depth profiles were measured for
the 60P and 60PF samples (Fig. 8). From previous work, it is known that the layer thickness is
above 100 nm [30], so that only the upper part of the layer was analysed (~10 nm). The
content of carbon for both samples decreased within the first two minutes of sputtering,
indicating that it is present mainly at the sample surface as adventitious carbon. After
approximately 2 minutes (~1.3 nm), the carbon content dropped, and the composition of the
bulk layers is attained. As the sputter process proceeds the zirconium oxide is stable, in
accordance with its much larger thickness. For the sample 60P, the concentration of
phosphorus decreased from 5.7 at.% to 2 at.% after only two minutes and then remained
constant. This indicates that P is enriched at the layer surface, as was previously suggested
[30]. For the samples 60PF, the concentration of P is very small. Instead, fluorine appeared.
Its concentration peaked just below the surface and then remained stable in the layer depth at
~8 at.%. A concomitant decrease in O concentration occurs when compared to sample 60P.
These results prove that with the presence of fluoride in the phosphoric acid bath, zirconium
oxide fluoride is formed, which contains residual phosphate. In contrast, anodization in
phosphoric acid results in the formation of ZrO,, which contains up to 6 at.% phosphate,

which is enriched at the top of the layer.

3.3 Electrochemical behaviour in artificial saliva

Anodic polarization curves recorded in artificial saliva (Afnor) solution of as-received and
anodized zirconium at different potentials in acid solutions are shown in Figure 9. The
anodized samples exhibit lower current densities during the anodic polarization compared to

the as-received zirconium covered with native oxide.

The anodic oxides grown in the acid solutions, with or without fluoride, act as a barrier
against the dissolution of the underlying zirconium in Afnor solution. The polarization curves
for the anodized samples assume a similar shape to those of the as-received substrate, yet the
current density is reduced. At potentials more positive than 0 V, a passive range can be
determined. It extends for at least 0.4 V (depending on the sample under study, see Fig. 9)
followed by an abrupt current density increase due to the localized breakdown of the passive
film. Once localized corrosion starts, the oxide repassivation in Afnor is not possible, as
indicated by the continuous current density increase and the appearance of hysteresis in the
reversal sweep. The breakdown of the passive film during anodic polarization was observed

for all anodized samples and for the as-received zirconium. The 60PF sample presents the



lower current densities around the corrosion potential; however, it is subjected to passive
breakdown at a more negative potential compared to other samples. Similar behaviour is
observed for the 30PF sample, whereas the 30P and 60P samples exhibited more positive
values of the breakdown potential. This is probably due to the difference in the chemical
composition on the surface (as shown in XPS). Electrochemical parameters are shown in
Table 5.

EIS diagrams in the form of Nyquist and Bode plots are presented in Figure 10 for the four
conditions under study after 40 min of immersion in Afnor solution and compared to the as-
received zirconium sample. To obtain a better insight into the system response, the EIS data
were fitted by means of an electrical equivalent circuit, relating the high-frequency

component of the Bode plot to the electrical properties of the film present on the surface [36].

For all samples, the slope of the impedance modulus vs frequency plot differs from unity and
can be assumed as a non-ideal capacitor. This behaviour is characteristic of passive films and
has been observed for oxide films of valve metals [5,37-39]. For the analysis of the EIS
results, a constant phase element impedance contribution (Zcpg) was used [40], accounting for

the deviations in the modulus Bode plot. Zcpe is given by
ZCPE = 1/Q(jc0)°‘ (1)

where Q is a parameter independent of frequency and a is a coefficient associated with the
system homogeneity [41,42]. The origin of a CPE response is related to the distribution of
time constants, but a great variety of explanations are reported in the literature [43,44].

For a parallel distribution of time constants at the electrode surface, Brug et al. [45] described
the effective capacitance (Cefr) associated with the CPE element as

Ceff — Ql/a(Re-l_l_Rox-l)(l-(x)/a (2)

where Re is the electrolyte ohmic resistance, Rox relates to the charge transfer resistance
associated with the kinetics of oxide growth and Q and o have the same meaning as in
Equation (1).

The experimental data were fitted with the electrical equivalent circuit shown in Figure 11.
This circuit has been broadly used in the literature to represent porous oxides and also the



bilayer structure of many passive films [30], where the interior circuit represents the inner

layer. The results obtained by data fitting and by applying eq. 3 are presented in Figure 12.

All anodized samples present similar values of C that are much lower than that of the as-
received Zr. This indicates a better capacitive effect of the oxide layers formed under
anodized conditions and, assuming a similar dielectric constant for the developed oxides, an
increased film thickness. Conversely, Ro for all of the coated samples is increased by an order
of magnitude compared to the as-received substrate. Therefore, all anodized samples present
better corrosion resistance in artificial saliva. When comparing the surface treatments, the
60PF sample exhibits a larger Rox and smaller C, Suggesting a more compact and isolating
film. Rox values can be related to a decrease of the pore area, offering a higher resistance to
electron transfer in the base of the pores. The other two samples, 30P and 30PF, show similar
behaviour, which is intermediate compared to that of samples 60P with the lowest Rox (Figs.
12 a and b). It is worth noting, however, that although all of the anodized conditions present
similar parameters after immersion in Afnor, the samples without the fluoride treatment
present a more positive breakdown potential than those with fluoride, giving a wider range of
passivity for the former samples. The influence of fluoride ions in the oxide formation and
stability is complex, and it has been reported that the ZrO, nanotube formation in F -
containing electrolytes is the result of the competition between the electrochemical oxide
formation and the chemical dissolution of said oxide by fluoride ions, as shown in the

equation below [46, 47].
Zr + 2 Hy0—Zr0, + 4H +4 & 3)
ZrO;+4 H'+ 6 F— [ZrFe]* +2 H,0 (4)

The increase in the anodizing voltage from 20 to 80 V transforms the ordered nanotubular
structures on titanium to a porous distributed surface with a significant variation in roughness
[47]. The morphologies observed for the oxidized layers suggest that the pore formation may
be driven by the localized dissolution of ZrO,. The localized dissolution can reduce the
thickness of the oxidized layer, increasing the electric field intensity at the bottom of the pore
and inducing the formation of new oxide [46]. It is noteworthy that in the system containing
fluoride, despite the fact that anodization was performed at the same voltage (60 V), the
current density is smaller than for 60P. At 30 V in the system with fluoride, the corrosion rate

is only half that of the one for the system without fluoride.



Conclusions

Experimental data (Raman spectra and X-ray photoelectron spectroscopy) demonstrate that
monoclinic ZrO; is present on Zr after anodization in phosphoric acid with and without
fluoride at various potentials. When the phosphoric acid contains NaF, fluorine is
incorporated into the oxide layer. Anodized samples exhibit lower current densities during
anodic polarization compared to the as-received zirconium covered with native oxide. All
anodized samples present a breakdown of the passive film during anodic polarization in Afnor
artificial saliva, being lower for the samples anodized in phosphoric acid with sodium
fluoride. The incorporation of fluorine into the oxide layer as seen by XPS could induce some
type of defective site that lowers the breakdown potential. However, the surface treatment
achieved by anodizing Zr at 60 V in the mixture of phosphoric acid and NaF seems to be the
most promising from the point of view of the corrosion behaviour. Further studies regarding
the bioactivity of this alloy with the optimal surface treatment should be conducted.
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Figures legends.

Figure 1. Color samples after anodization process in phosphoric acid (left) and in phosphoric
acid and sodium fluoride (right).

Figure 2. SEM micrographs for anodized zirconium samples 60P, 30P, 60PF and 30PF.
Figure 3. AFM measurements for anodized zirconium samples.

Figure 4. EDS spectra for anodized zirconium samples.

Figure 5. Raman spectra obtained for the as untreated zirconium and zirconium oxides
anodized under different conditions.

Figure 6. XPS (a) Zr 3d and (b) O 1s spectra recorded at the surface of zirconium anodized in
phosphoric acid at 30 V (30P) and 60 V (60P) and in phosphoric acid containing NaF at 30 V
(30PF) and 60 V (60PF). Dashed lines denote the positions of reference spectra: a) Zr and
ZrO,, and b) O*", OH™ and H,O/PO,*".

Figure 7. XPS (a) P 2p and (b) F 1s spectra of zirconium anodized in phosphoric acid at 30 V
(30P) and 60 V (60P) and in phosphoric acid + NaF at 30 V (30PF) and 60 V (60PF). Dashed
lines denote the peak center.

Figure 8. XPS depth profiles of the layers formed by anodization of zirconium in (a)
phosphoric acid at 60 V (60P) and (b) in phosphoric acid containing NaF at 60 V (60PF).
Sputtering rate 0.67 nm/min is relative to the Ni/Cr standard.

Figure 9. Polarization curves for as-received zirconium (black line) and anodized zirconium
samples; 30P (red line), 60P (green line), 30PF (blue line) and 60PF (pink line) recorded in
Afnor artificial saliva.

Figure. 10. EIS diagrams for zirconium samples; as-received (m), 30P (<), 60P (A), 30PF
(e) and 60PF (@) recorded in Afnor artificial saliva after 40 minutes stabilization at the open
circuit potential.

Figure 11. Electrical equivalent circuit used for fitting EIS data.



Figure 12. Values of Cg (2) and Rox (b) obtained by fitting EIS data of anodized and as

received zirconium samples in Afnor artificial saliva.

Table 1. Denotation of the zirconium samples according to the conditions of the anodization

process.
Sample Anodization condition
denotation
60P 60 V in phosphoric acid (1mol/L)
30P 30 V in phosphoric acid (1mol/L)
60PF 60 V in phosphoric acid (1mol/L) + sodium
fluoride (0.15% wi/v)
30PF 30 V in phosphoric acid (1mol/L) + sodium
fluoride (0.15% w/v)




Table 2. Chemical composition of artificial saliva Afnor

Compound

NaCl

KCI

Na,HPO,

NaHCO3;

KSCN

CH,4ON; (Urea)

Concentration
(g/L)

0.7

1.2

0.26

1.5

0.33

1.3




Table 3. R, values for the anodized zirconium samples.

Sample | R/ nm
30P 381
60P 672
30PF 339
60PF 885




Table 4. Chemical composition of the layers formed by anodization of zirconium in
phosphoric acid at 60 V (60P) or 30 V (30P) and in phosphoric acid containing NaF at 60 V
(60PF) or 30 V (30PF). The composition was derived from XPS survey spectra after 4

minutes sputtering.

Element | Composition / atomic %

60P 30P 60PF 30PF
C 47.3 47.7 41.1 36.0
o] 36.7 36.6 34.3 37.7
Zr 7.9 7.6 16.8 14.5
P 5.6 4.2 0.9 3.4
F 0 0 6.6 6.4
N 1.6 3.3 0 1.6
Na 0.8 0.6 0.2 0




Table 5. Electrochemical parameters”

artificial saliva.

of anodized zirconium samples measured in Afnor

Sample Ecorr Ebreakdown jpass

(Vvs SCE) (V vs SCE) (Alcm?)
60P -0.47 £0.02 -0.89 + 0.01 7.45.107+ 1.2 -10”
30P -0.45 + 0.03 -0.95+ 0.02 4.75-107+ 0.6-10”
60PF -0.38 + 0.04 -0.48 + 0.02 3.47-107 +1.2-107
30PF -0.62 +0.01 -0.64 +0.01 4.92-107+1.7-10"

“Ecorr COrTosion potential, Epreakdown breakdown potential, Jpass passivity current density




Highlights

Anodic oxide layer formed on Zr in phosphoric acid with fluoride is monoclinic ZrO2.
Fluorine ions from the electrolyte are incorporated in the oxide layer.

Anodic polarization in Afnor solution evidences breakdown of the passive films.

Decrease of breakdown potential may be induced by defects caused by fluorine



