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By anodizing zirconium in phosphoric acid at various potentials, different structures were obtained on the
surfaces of the samples. The morphologies and compositions of the obtained coatings were investigated
using scanning electronic microscopy (SEM), X-rays analysis (XRD) and Raman spectroscopy and were
found to be dependent on anodizing potential. Electrochemical tests were performed in order to establish
the stability of the samples. The film delamination forces increased with the anodizing potential, confirming
that the zirconium dioxide film formed during anodizing becomes more resistant at higher potentials.
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Due to low cross section for neutron absorption,
remarkable resistance to corrosion in numerous aggressive
media simultaneously with mechanical properties at
elevated temperatures and high dielectric constant,
Zirconium (Zr) has been extensively used in nuclear
industry, microelectronic applications and catalysis [1-3].
Responsible for such properties is the natural passive oxide
named zirconia which makes a protective stratum barrier
[4], and can be tailored by the anodizing conditions, using
the same mechanism as for titanium [5]. In the last years,
microstructural characterization of Zr alloys with titanium
and other valve metals has been deeply investigated for
their potential mechanical and biomedical applications [6,
7]. Previous studies [8] have shown that anodizing Zr in
H,PO, produces apart from ZrO, a superficial stratum rich
in phosphates and other studies revealed [9] that the
phosphates are usually formed as zirconium hydrogen
phosphate (Zr(HPOQ,),.H,0), alpha phase (o.-ZP) being the
more common.

The aim and novelty of the present manuscript was the
fabrication of micro architectures on Zr via anodizing in
phosphoric acid (H,PO,) and the methodical investigation
ofthe surface propertles atvarious potential using a variety
of methods and physical concepts. The surface analysis
and compositions of films were correlated with the
macrostructure properties able to induce their use in
applications such as: drug delivery [10, 11] catalysis [12]
or nuclear waste management [13].

Experimental part

Zr samples were cut to size (5%x1 cm, thickness 0.1mm)
and then were cleaned in distilled water and ethanol for 10
min each by ultrasonication. The samples were then
anodized at 5V, 15V, 45 V and 75 V using a Matrix MPS-
7163 DC power supply in an aqueous electrolyte containing
2 M H,PO, (85 wt.%) and 30 mM NaF for 60 min each.

Thé surface morphology was investigated with a Quanta
650 scanning electron microscope (SEM) from FEl in high
vacuum at 10kV.

Identification of phases by XRD analysis was performed
with a Shimadzu XRD 6000 equipment with Cu K radiation
(A = 1.5406 A). These patterns were scanned in steps of
0.02° (26) from 5 to 70 degrees.

Crystalline domains presence in the anodic oxides as
determined by Raman spectroscopy using a Horiba Lab
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Raman Evolution instrument. The acquisition was
performed using a 514 nm argon laser with a 50% objective
lens and measured power 68.7 uW. Acquisition time was
3 s with 20 superpositions. The incorporation of species
with P and O from the anodizing electrolyte was put in
evidence [14].

The electrochemical tests were performed using an
Autolab PGSTAT 302N in a conventional three electrode
system with Zr samples as working electrodes, Pt foil as
counter electrode and Ag/AgCl reference electrode, using
as electrolyte Afnor artificial saliva with the composition
(9/L): NaCl 0.7; KCI 1.2; Na,HPO, 0.26; NaHCO, 1.5; KSCN
0.33; CO(NH,), 1.35 [15] Before each measurement the
potential was s Jeft to stabilize for 10 min at open circuit.
Polarization data were registered between £200 mV and
OCP using a scan rate of 0.2 mV/s. Electrochemical data
were evaluated and fitted using Nova 1.10 software.

The film-substrate bond strength was evaluated form
film detachment experiments carried out with PosiTest
AT-M adhesion tester form DeFelsko using 10 mm diameter
aluminum dollies.

Results and discussions
Surface characterization

The evolution of the morphology of the anodized Zr
samples is presented in figure 1. At 5V, semispheres with
diameters of around 250-300 nm were formed in clusters.
We think that these formations are composed of ZrO,
produced during anodizing. Small ridged structures of o
ZP were found scattered on the surface. At 15 V the
diameter of the ZrO, semispheres decreases to around
240 nm. These formations are more tightly packed than at
5V, hinting to the formation of a more compact oxide layer.
More a-ZP structures were formed at this voltage, but they
are less defined and start to self organize to take their
classical flaked, laminar and aggregated shapes. Anodizing
at 45V led to the total coverage of the sample surface with
o-ZP structures. The aggregated quasi-hexagonal pellet
structures had lengths of around 600 nm and thicknesses
ofaround 80 nm were not ordered in any particular direction.
Both o.-ZP structures and porous ZrO, were visible on the
surface of the sample when i mcreasmg the potential at 75
V. a-ZP structures were found as laminated aggregates
with lengths ranging between 0.17-1um and thicknesses
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Fig. 1. SEM mlcroscopy images for anodized Zr at5V a);
15V b); 45 V ¢); 75V d)

between 20-150 nm. The ZrO, pores present on the surface
had diameters of 100-400 nrh.

The patterns obtained by XRD (fig. 2) were matched
with relevant ASTM Cards for identification. , Compounds
with P and O such as Zr,(PO,),, (Zr(HPO) H,0), and
ZrP, 0, are present with different’ intensity peaks together
with Zr and ZrO,. The introduction of phosphorus
compounds onto the oxide markedly enhances the acidic
properties, regardless of the type of phosphate compounds
XRD clearly showed some peaks, which correspond to
crystallized ZrO, structures, such as monoclinic phase ZrO,
(m-Zr0,) and traces of tetragonal phase ZrO, (t-ZrQ,) [16]
At lower potentials ZrO, peaks are more cIearIy deflned
but at higher potentlals the peaks are smaller and the
phosphate compounds peaks are more evident [17]. Peaks
at 34.76°; 36.46°; 63.49°; 68.46° and 69.50° corresponding
to Zr appear in all samples together with 30.31°; 35.05°;
50.52° and 60.11° attributed to ZrO, [18], but for each
potential their intensities are different and, in some cases,
they appear in the same regions with peaks for phosphate
compounds. At 5V the predominant phosphate compounds
are Zr,(PO,), and ZrP,0.. Peaks corresponding for more
acidic' components as (Zr(HPO ),-H,0), are predominant
at samples elaborated at 75V.

The peaks at 34.91 and 36.55°, more evident at 45 V
elaboration voltage, could be attributed to orthorhombic
ZrO,. Some reports state that a mixture of crystallized
tetragonal phase (t-ZrO,) and a monoclinic phase ZrO, (m-
ZrQ,) could be detected [16, 17] and such results are
consistent with our data from Raman spectra.

The Raman results are presented in table 1 which is a
summary of Raman shifts for studied samples.

Table 1
RAMAN BANDS OF ANODIZING SAMPLES AT VARIOUS POTENTIALS

Potential | 3V I3V T4V [ 15V
Band
m ZriJz 103 103 103 103
m ZrJz - 1T 17 178
t Zr0s 145 - - -
m ZrJz 203 - - -
vas[P—0O-L) 282 | 282 284 | 288
m ZrJz - 320 3532 | 330
m ZrJz - 373 378 373
Bz (FOs3) 417 | 410 - -
m ZrJz - Eir] s | 472
P-0-F 514 09 S E} 514
0 ASPO:) 33 348 AT 5] 330
o AP0 378 372 Syl 560
t Zr0s 650 | 17 610 | 617
m Zrill: - [ LT 607
vs (F-0-F) 60 |- - -

The anodic film at all studied potentials present common
peaks at 103, 177, 329, 378, 476, 569 cm. Although the
bands are relatively broad and have a shift of around 2.3
cm* with respect to the spectrum of native oxide, most of
them can be assigned to predominant monoclinic ZrO
[19] and tetragonal traces. For samples elaborated at 5 v
the important characteristic monoclinic band at 177cm?
is missing, but the bands at 617 and 659 cm™ are evident
for monoclinic and tetragonal ZrO,More bands
characteristic for phosphoric compounds are present at
412 cm, The incorporation of species with P and O from
the anodizing electrolyte may be one reason for the broad
peaks of the Raman spectra in some regions, as was
discussed in literature [14].

Polarization tests

The polarization data recorded for the anodized samples
are represented as Tafel plots (fig. 3) and the corrosion
parameters obtained after fitting are listed in table 2. The
anodized samples were compared to polished Zr.

The corrosion potential of the anodized samples is more
positive than that recorded for polished Zr, and is shifted to
more electropositive values with the increase of the
anodizing potential to a stable value. The corrosion
resistance improves slightly at lower potentials and
experiences a drastic improvement when the anodizing
potential reaches 75 V.
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Fig. 2. XRD spectra for the anodized Zr obtained at
different potentials
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Fig. 3. Tafel plots for polished (0 V) and anodized Zr at different potentials

(5V,15V, 45V, 75 V)
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Sample
ov |5V |15V |45V |75V
Parsmeter Table 2
Ecor (mV) g =77 BT TR STy 973 ELECTROCHEMICAL PARAMETERS FOR POLISHED AND
Toor (e I [38I [2F |17 [ 338 ANODIZED zr
Corrosion rate {pm/vear) 0.7 0.86 0.5 039 0.08
Polarization resistance (M) | 0.73 1.07 11 1.8 6.93

Film detachment forces

The film detachment forces were measured when the
obtained film was removed from the Zr foil surface. The
film detachment force increases with the increase of the
potential (fig. 4).
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Fig. 4. Detachement forces for Zr samples obtained
at various potentials

It follows that ZrO, deep film formed during anodizing
becomes more resistant at higher potentials. This
difference in strength indicates that for films obtained at
higher potentials, ZrO, acts as a binding layer between the
metallic substrate and o-ZP structures, thereby conferring
improved interfacial mechanical strength.

Conclusions

Using SEM, the microstructures of ZrO, and o-ZP
coatings obtained after Zr anodizing in H,PO, at5V, 15V,
45V and 75 V were determined to be directly influenced
by the applied potential. When a higher anodizing potential
was used, more well organized and complex structures
were formed on the surface. Raman, and XRD
investigations showed that the films were formed from
different zirconium oxides and phosphates. The films are
formed mainly from monoclinic phases with traces of
tetragonal phases. The electrochemical tests revealed that
using higher anodizing potentials leads to highly stable
surfaces. The evaluation of the delamination forces
revealed that the ZrO, deep film formed during the anodizing
becomes more resistant at higher potentials. These
experiments enabled the understanding the optimal
parameters needed for the development of damage-
tolerant thin films leading to practical applications.
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