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Abstract Herein, a study of the plasma electrolytic oxidation
(PEO) of niobium in an anodising bath composed of potassi-
um silicate (K,SiO3) and potassium hydroxide (KOH) is
reported. The effects of the K,SiO3 concentration in the bath
and the process voltage on the characteristics of the obtained
oxide layers were assessed. Compact, barrier-type oxide
layers were obtained when the process voltage did not exceed
the breakdown potential of the oxide layer. When this thresh-
old was breached, the morphology of the oxide layer changed
markedly, which is typical of PEO. A significant amount of
silicon, in the form of amorphous silica, was incorporated into
the oxide coatings under these conditions compared with the
amount obtained with conventional anodising. This surface
modification technique led to an improvement in the corrosion
resistance of niobium in Ringer’s solution, regardless of the
imposed process conditions.
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Introduction

The field of biomaterials is concerned with the develop-
ment of a range of novel materials that are capable of
substituting for or enhancing malfunctioning organs or their
components. This goal can be achieved by either the inven-
tion of entirely new substances or the combination of sub-
stances with a set of unique properties and the modification
of pre-existing materials. Biomaterials that are intended to
be implanted subcutaneously are expected to fulfil a col-
lection of prerequisites that depend on the destination of the
material in question [1, 2]. Metallic biomaterials are pri-
marily used for orthopaedic implants, such as devices for
reconstructive knee or hip surgeries. Thus, these materials
need to possess adequate load-bearing properties, corrosion
resistance and biocompatibility [3].

The main representative groups of the metallic biomaterials
are stainless steels (SS), Co—Cr alloys, Ti and its alloys. The
mechanical strength of the first two is superior to that of Ti.
Unfortunately, the release of the toxic metal ions upon expo-
sure to corrosive body fluids has limited their widespread
application [4]. Although titanium and its alloys are not
completely resistant to corrosion under physiological condi-
tions, an increase in the concentration of Ti ions in the human
body does not induce any severe immunological response.
This lack of activity is mainly due to the high reactivity of
titanium ions towards water molecules and other anionic
species present in the human body, which leads to the forma-
tion of stable hydroxides and salts of the element. In contrast,
the components of Co—Cr alloys and stainless steels may
cause various immunological responses; for example, nickel
and chromium may form ions that are stable under physiolog-
ical conditions and might combine with biomolecules, leading
to toxic reactions [5]. Additionally, the corrosion of metallic
implants diminishes their mechanical strength, especially after
prolonged exposure to the corrosive environment [6].
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Amongst the excellent properties of titanium alloys [7,
8] are their light weight, exceptional corrosion resistance,
great biocompatibility and good strength-to-weight ratio.
One of the most distinguished representatives of this
group for biomedical use is the o+ (3 phase Ti-6Al-4V
alloy, although it was originally designed to be used in
the aerospace industry. Nevertheless, there is a tendency
to replace this material on account of reports of the
cytotoxic properties of vanadium [9—-12]. Aluminium
has been characterised as a neurotoxin, and its presence
in humans may possibly be associated with the senile
dementia of Alzheimer type [13—15]. Furthermore, the
wear resistance of Ti—6A1-4V alloy is low. Therefore,
when it is used in joint prostheses, the build-up of debris
is inevitable, which leads to an inflammatory response
[16, 17]. In order to preserve the beneficial properties of
the Ti—-6Al1-4V alloy and alleviate the harmful effects
caused by vanadium and aluminium, these components
can be substituted with other o~ and [(3-stabilising ele-
ments, such as niobium, tantalum and zirconium, which
are biocompatible [11, 17-26].

Similar to titanium, niobium is a member of the valve
metals group, which means that it is able to spontaneously
grow compact, barrier-type oxide layer that tightly covers the
entire surface of the metal, preventing further chemical attack
[27]. The high biocompatibility of these metals stems from
this feature [15]. According to Eisenbarth et al. [17], niobium
is amongst the most biocompatible 3-stabilising elements, as
determined from experiments on MC3T3-E1 and GM7373
cells. Additionally, it was found that Ti alloys containing Nb,
Ta, and Zr have improved corrosion performance compared
with commercially pure (CP) titanium and Ti—6Al-4V alloy
[19, 21, 22].

A lack of response by the organism receiving the metal
implant is considered beneficial. However, because bioinert
materials tend to be encapsulated in fibrous tissue after im-
plantation, some sort of mechanical fixation is necessary to
ensure the stability of the device. This step can be omitted
when the surface of the implant is bioactive, which means that
it can actively form a permanent fixation with treated bone
[28, 29]. To accomplish this goal, a wide variety of surface
modification methods have been developed [29], including
plasma spraying [30], glow discharge plasma treatment [31],
ion implantation/deposition [32], physical vapour deposition,
chemical vapour deposition, alkali treatment [33, 34], sol-gel
coatings [35] and electrochemical methods.

Anodic oxidation presents a relatively cheap and simple
method for the surface treatment of valve metals. The goal of
this processing technique is to thicken the naturally occurring
passive metal oxide layer using the flow of electric current
through a standard electrolytic system composed of an anode
(the workpiece), cathode, electrolysis cell filled with an elec-
trolyte solution and a power supply [20, 27, 29, 30]. In
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general, anodic oxidation can be conducted under two distinct
conditions. The first is conventional anodising, which leads to
the growth of a relatively thin, compact, barrier-type oxide
layer. It is performed by increasing the process voltage which
does not exceed the breakdown potential of the oxide layer.
The second method is accomplished by applying a voltage
that exceeds this threshold. This method is commonly referred
to as plasma electrolytic oxidation (PEO) or micro-arc oxida-
tion [36]. Under these conditions, numerous sparks can be
observed over the treated workpiece, and oxide generation,
oxide dissolution, and oxygen evolution occur concurrently
[37]. Temperatures of several thousand degrees Celsius can be
attained in the vicinity of the sparks. This phenomenon,
coupled with the rapid cooling provided by the circulating
electrolyte, results in the formation of unique phases within
the oxide layer. The strong electric fields present in the spark
zones contribute to the migration of electrolyte ions towards
the metal surface. Subsequently, solvent evaporation and elec-
trolyte components crystallisation lead to the eventual incor-
poration of the ionic species present in the anodising bath into
the oxide layer formed onto the workpiece. PEO can be used
to obtain oxide layers that are up to several hundred microm-
eter thick with a large number of open and closed pores.

Silicon is believed to have a large impact on the structure
and mechanical properties of connective tissue because of its
contribution in the biomineralisation process, where the pres-
ence of orthosilicic acid (Si(OH),) leads to hydroxyapatite
(HA) precipitation. Additionally, collagen proliferation and
the differentiation and synthesis of osteoblasts are affected
by the Si content in the organism. Silicon deficiency dimin-
ishes the growth rate of young mammals [2, 38]. The effects of
the silica content in calcium phosphate bioceramics was in-
vestigated by Ning et al. [39]. Neonatal rat calvaria osteoblasts
were used for in vitro studies. Increasing the Si content in the
investigated CaP-SiO, bioceramics (up to 80 % by weight)
resulted in higher concentrations of proteins and higher alka-
line phosphatase specific activity. Dorozkhin [40] studied how
the incorporation of silica into the CaP bioceramics affected
the process of biomineralisation in revised simulated body
fluid (r-SBF). The investigated composite was composed of
60-65 % silicon-stabilised alpha tricalcium phosphate (oc-
TCP), 30-35 % HA and balance Si, by weight. The entire
surface of the specimen was found to be covered by a 0.8-um
thick HA precipitate after exposure to r-SBF.

In this study, the process of direct current plasma electro-
lytic oxidation of pure niobium in solutions that contained
potassium silicate and potassium hydroxide was investigated.
The oxide coatings resulting from this treatment were
analysed in terms of their surface morphology, chemical com-
position, phase composition, and corrosion resistance in
Ringer’s solution. The voltage—time responses were recorded
during treatment concurrently with real-time imaging of the
surface of the workpiece.
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Materials and methods

Pure niobium samples (BIMO Metals, Wroctaw, Poland) were
obtained by cutting the metal sheet into 10x10x 1-mm frag-
ments. Then, the samples were subjected to chemical etching in
an HF (1 mol dm™>) and H,SO,4 (4 mol dm ) solution for
2 min, rinsed with distilled water and cleaned ultrasonically for
5 min in 2-propanol and deionised water (sample—Etched Nb).

Pretreated samples were anodised in an electrolyte solution
of potassium silicate (K,Si05; 0.1, 0.5, and 1.0 mol dm73) and
potassium hydroxide (KOH; 5 g dm ). The process was
carried out galvanostatically with a current density of 0.1 A
dm ™2 up to a voltage of 100, 200, or 400 V for 10 min using a
DC power supply (PWR800H, Kikusui, Japan). The sample
designations and their corresponding operational conditions
are collated in Table 1. After anodising, the samples were
rinsed with distilled water and cleaned in an ultrasonic bath
with 2-propanol and deionised water. A titanium plate served
as the cathode. The electrolysis cell was cooled externally by
circulating water to absorb the process heat. The apparatus
was equipped with a magnetic stirrer to minimise the concen-
tration gradients within the solution. The surface of the work-
piece during the anodising was monitored using a commercial
digital camera (Sony DSC-W30).

A scanning electron microscope (SEM, Hitachi S-3400N,
accelerating voltage=25 kV) was used for characterisation of
the surface morphology of the anodised samples. Both planar
and cross-sectional views of the specimens were captured.
The chemical compositions of the observed images were
determined using an energy-dispersive X-ray spectrometer
(EDX, Thermo Noran) paired with the SEM.

A Mitutoyo Surftest SJ-301 profilometer was used to mea-
sure the surface profiles and Ra parameters of the samples
according to ISO4287:1997. Calculation of the Ra parameter
was accomplished according to Eq. (1), which is the arithme-
tic mean of the sum of the surface profiles for a given sample.

1 l
Ra=1 /0|Z(x)|dx, (1)

where |Z(x)| is the absolute ordinate value inside the elemen-
tary measuring length and / is the elementary length in the x

direction (average line) used to determine the ruggedness of
the surface profile.

A drop shape analysis system (DSA 10Mk2, KRUSS) was
employed for the determination of the contact angles of the
niobium specimens. An image analysis system (DSA soft-
ware) calculated the contact angle from the shape of the drop
that was recorded using a video camera. Ultra-high-purity
water (0.20 pL) was used at room temperature. Ten drops
were analysed for each sample.

An X-Pert Philips PW 3040/60 diffractometer working at
30 mA and 40 kV, which was equipped with a vertical goni-
ometer and an Eulerian cradle, was used for the XRD exper-
iments. The wavelength of the radiation (ACuKa) was
1.54178 A. Grazing incidence X-ray diffraction (GIXD) pat-
terns were recorded in a 20 range from 10° to 80° with a 0.05°
step for the incident angle av=0.25°.

X-ray photoelectron spectroscopy (XPS) has been used to
determine the atomic composition and the electronic states of
elements at the analysed surface. The XPS measurements
were performed in an ultrahigh vacuum (9% 107'° mbar)
system equipped with a hemispherical analyser (SES R
4000, Gammadata Scienta). An unmonochromatised Al
Ko X-ray source of incident energy of 1486.6 eV was
applied to generate core excitations. The energy resolu-
tion of the system, measured as a full width at half
maximum for an Ag 3ds, excitation line, was 1.0 eV
The energy scale of the analyser was calibrated accord-
ing to ISO 15472:2001 and the energy scale of the
acquired spectra were calibrated for maximum of C ls
core excitation at electron binding energy (BE) of
285 eV. The analytical depth for the measured samples
(approximated as an SiO, layer) was 11.9 nm as calcu-
lated for an excitation of energy 1487 eV.

The extent to which the niobium samples were resistant to
corrosion in Ringer’s physiological solution (8.6 g dm>
NaCl, 0.3 g dm > KCl, and 0.48 g dm > CaCl,-6H,O (Baxter,
USA)) was recorded. The system employed for the analysis
consisted of a standard two-chamber electrolysis cell that was
equipped with three electrodes. The sample served as the
working electrode. A saturated calomel electrode (SCE) with
a Haber-Luggin capillary was used as the reference electrode.
The auxiliary electrode was chosen to be a platinum mesh. A
PARSTAT 4000 potentiostat powered the experiments, and it

Table 1 The sample labels,

treatment condition, Nb/Si Sample Nb/Si surface atomic ratio Ra, pm Thickness, pm Contact angle, deg

surface atomic ratios, roughnesses,

layer thicknesses, and contact Etched Nb 0.28 - 104.4+6.18

angles of the sample surfaces; Nb-ANO-0.5-100 9.31 0.28 1.11-1.63 80.30=7.10

KOH—S g dm” Nb-ANO-0.5-200 3.56 0.38 1.15-1.71 47.90+9.45
Nb-ANO-0.5-400 0.67 1.85 16.1-22.2 Highly hydrophilic
Nb-ANO-0.1-400 2.75 0.82 16.1-21.4 Highly hydrophilic
Nb-ANO-1.0-400 0.04 3.57 21.4-433 Highly hydrophilic

@ Springer



3132 J Solid State Electrochem (2014) 18:3129-3142

Fig. 1 The voltage-time 450
progression for the niobium
samples anodised at 400 V in 400
solutions with different
concentrations of K,SiO3
(Nb-ANO-x—400 samples) 350 1A
300 : ‘
‘ q | ‘ ) <
% 250 kil } | | .
g g
s 200
150 00 =
150 - Nb-ANO-0.1-400
100 -
—Nb-ANO-0.5-400
50 50
o / —Nb-ANO-1.0-400
0 0 10 20 30 40
0 100 200 300 400 500 600
Time,s

was controlled using Versa Studio software. The investigations ~ cyclic polarisation curves (CV) in the potential range from
comprised the following set of measurements: (a) open-circuit ~ Eocp—0.1 Vto 3 V (dE df '=10 mV s~ ") were determined.
potentials were recorded with time (Eocp=f{(?)), (b) the log All solutions were prepared using analytical grade reagents
i=f(F) relationships in the potential range of Eocp—20 mV to  that were manufactured by POCh Gliwice, Poland. Deionised
Eocpt70 mV (dE dt '=1 mV s ') were evaluated and (c) the ~ water was obtained from a Millipore Milli-Q system.

Fig. 2 Real-time images of the Nb-ANO-0.1-400 sample

surfaces of the niobium samples
subjected to plasma electrolytic
oxidation; the size of the depicted
regions is 0.63 cm?; sparks are
encircled for the sake of clarity
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Results and discussion

The voltage—time responses recorded during the process of
plasma electrolytic oxidation of the niobium samples anodised
at 400 V in solutions that contained 0.1, 0.5, and 1.0 mol dm >
of K,Si0; are presented in Fig. 1. Three different regions can
be identified in the diagram. Similar findings have been re-
ported by others [20, 37, 41-44] for the PEO of other valve
metals or their alloys. At first, the voltage rapidly and linearly
increased, which is typical for a conventional anodising pro-
cess. The second region, where the rate at which the voltage is
increasing decreases, corresponds to a decrease in the rate at
which the oxide layer is thickening. In the last region of the
voltage-time curves, the evolution of oxygen became very
intense, and micro-discharges began to appear uniformly on
the treated surface. At first, the sparks were bluish-white,
small in diameter and great in number. As the time of treat-
ment increased, the number of the sparks decreased, and their
diameter decreased [36]. This effect occurs because as the
anodic oxide film increases in the thickness, more energy is
needed for an electric current to pass through it. Thus, the
discharges became localised at the sites where the oxide layer

Fig. 3 SEM images of the
surface morphologies of the
etched niobium and the niobium
that was anodised under various
conditions (Nb-ANO-x—y
samples)

Etched Nb

was relatively thin [43]. The voltage increments in the first
region were dependent on the concentration of potassium
silicate, and these were equal to 6.1, 7.3, and 10.1 for 0.1,
0.5, and 1.0 mol dm > of K,SiOs, respectively, in the range of
voltages of approximately 0-200 V (Fig. 1). Less linear char-
acter in the curves can be observed in the second region of the
U-t curves. The average rates of the voltage increase in this
region were 1.3, 1.6, and 1.9 for 0.1, 0.5, and 1.0 mol dm > of
K,Si03, respectively. Once the process voltage reached a
value of 250-300 V, the last region could be reached, where
large oscillations in the U-¢ diagram can be observed (Fig. 1).
These are associated with the vigorous evolution of oxygen
and the sparking phenomena.

The surfaces of the treated niobium samples at various
stages of the plasma electrolytic oxidation are depicted in
Fig. 2. The colours of the samples were continuously changing
with the increasing voltage up to approximately 200-250 V.
After the treatment, the surfaces of the samples appeared to be
white. Gas bubbles could be observed from the very first
moments of the treatment. In the case of the niobium sample
that was anodised in the least concentrated potassium silicate
solution (0.1 mol dm ), larger sparks could be observed after

Nb-ANO-0.1-400 "< "
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reaching a voltage of 336 V. The intensity of the sparking was
found to be the least intense for this sample (Fig. 2). For the
Nb-ANO-0.5-400 sample, it was found that the bubble density
increased relative to the Nb-ANO-0.1-400 sample. First, sin-
gular sparks could be observed on this sample at approximate-
ly 200 V. Intense micro-discharges with large diameters were
identified once a voltage of 300 V was attained, which is also
reflected in the shape of the U-¢ curve for this sample (Fig. 1).
The most intense evolution of gas bubbles and sparking was
found at the surface of the sample anodised in the solution that
contained 1.0 mol dm > of K,SiO5 (Fig. 2). The first dis-
charges could be observed on this sample once the process
voltage reached a value of 200 V, which was also associated
with a decrease in the bubble density. Shortly afterwards, very
energetic sparks appeared on the surface.

SEM images of the pretreated (etched) and anodised nio-
bium metal samples are shown in Fig. 3. The surface mor-
phology of the niobium sample that underwent the etching
procedure is typical of this type of treatment. The surface is
rather smooth (Table 1, Fig. 4), with an Ra equal to 0.28 pm.
The contact angle tests proved that the pretreated niobium
surface is hydrophobic (Table 1). Anodising at a voltage equal
to 100 V in a 0.5 mol dm > K,SiO; solution resulted in the
generation of a relatively thin oxide layer (Table 1, Fig. 5) with
a roughness similar to that of the pretreated niobium (Table 1,
Fig. 4). It is characteristic of the conventional anodic oxidation
that the morphology of the coatings grown on the metal surface
is reminiscent of that of the bare metal (Fig. 3) [45]. Anodising
also led to an increase in the hydrophilic character of the metal
surface due to the formation of the oxide layer, as can be
observed from the contact angle measurements (Table 1,
Fig. 4). A small amount of Si was shown to be incorporated
into the oxide layer, as determined from the EDX tests (Table 1,
Fig. 5). Increasing the treatment voltage up to 200 V and
keeping the K,SiO; concentration at 0.5 mol dm > resulted
in a minor increase in the surface roughness (Table 1, Fig. 4).
However, the surface morphology of the layer was not altered
by a large factor (Fig. 3), which proves that the dielectric
breakdown of the oxide layer was not yet attained. The thick-
ness of the layer was slightly greater than that obtained at
100 V (Table 1, Fig. 5). The contact angle measured for the
Nb-ANO-0.5-200 sample was smaller than that of the Nb-
ANO-0.5-100 sample (Table 1, Fig. 4). A greater hydrophili-
city may stem from the higher roughness of the coating. Fur-
thermore, it was reported by Godley et al. that the
surface layer produced by soaking in alkali solution
was composed from sodium niobate hydrogel [34].
Therefore, niobium species of the similar nature might
be present onto the surface of the niobium anodised in
alkali conditions, which in turn would have an effect on
the hydrophilicity of the surface. The amount of silicon
incorporated into the oxide layer was also found to be
greater (Table 1, Fig. 5). The results suggest that the
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silicon content is higher in the outermost parts of the
coating, which is consistent with the findings of other authors
[46—49]. The coatings grown onto the samples anodised at
voltages below the dielectric breakdown potential of the oxide
layer were of a barrier-type and covered the entire surface of
the niobium metal tightly.

The remainder of the niobium metal samples were subject-
ed to the anodisation process at a voltage of 400 V (PEO) with
varying concentrations of potassium silicate. The surface of
the Nb-ANO-0.1-400 sample was covered with numerous
pores with pore sizes of approximately 1 um (Fig. 3), and it
was found to be relatively rough with an Ra equal to 0.82 pm
(Table 1, Fig. 4). The sample anodised in the bath that
contained 0.5 mol dm > of K,SiO; had a more rugged mor-
phology (Fig. 3) and an increased roughness (Ra=1.85 pm,

10 7 Etched Nb

§- 0 Mgt oy oy ‘.YA b p N b Yoy

-10

10 © Nb-ANO-0.5-100 .
E o

-10
10 7 Nb-ANO-0.5-200
g o ntimmsbnsasscnsbgaispoersr I
-10
10 1 Nb-ANO-0.1-400

Nb-ANO-0.5-400
E o

-10

30

Nb-ANO-1.0-400
20

Length, mm

Fig. 4 The surface profiles of the etched niobium and the niobium that
was anodised under various conditions (Nb-ANO-x—y samples); inserts:
contact angle measurement images
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Fig. 5 Cross-sectional images
and EDX spectra of the niobium
samples that were anodised at
different voltages in solutions
with different concentrations of
K,SiO3

Nb-ANO-0.5-100 Nb-ANO-0.5-200

. 10pm : 10 pm :
. counts'b ®
| o
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100+ \
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Fig. 6 The EDX mapping of the oxide layer on the Nb-ANO-1.0-400 sample
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Fig. 7 TL-XRD patterns of the Counts [SKPO_25_VSTZXRD
niobium samples (Nb-ANO-x—y — Niobium Nb-ANO-0.5-100
samples) that were anodised

under various conditions Niobium
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Table 1. Fig. 4) compared with the sample prepared in the
more dilute solution. The size of the pores in the Nb-ANO-
0.5-400 sample was approximately 2 um. Anodising of the
niobium sample performed in the most concentrated solution
of potassium silicate (1.0 mol dm ) led to the development of
a highly rough surface (Fig. 4), with an Ra equal to 3.57 um,
which was dotted with a large number of pores of various sizes
(from 5 to 40 wm) that appeared to be interconnected, which
can be seen in Fig. 3. The measurements of the contact angle
could not be performed for the samples anodised at a voltage
0f 400 V because of their extremely high hydrophilic charac-
ter. The high porosity of the oxide layer grown on these
samples is believed to be responsible for these findings. The
thickness of the oxide layers grown in the anodising bath
containing 0.1 and 0.5 mol dm > was found to be very similar
(Table 1, Fig. 5). However, the amount of silicon incorporated
into the oxide layer was much higher in the case of the Nb-
ANO-0.5-400 sample than for the sample anodised in the
solution that contained a lower concentration of potassium
silicate (Table 1. Fig. 5). The amount of silicon was found to
be higher in the outer parts of the oxide layer, compared to the
inner parts, in the case of both of these samples. Apart from
silicon, potassium, present in the electrolyte solution, was also
found to be built into the oxide layer of the samples subjected
to PEO (Fig. 5). The anodising of the niobium sample carried
out in the most concentrated K,SiO3 solution and at a voltage
0f 400 V led to the growth of the thickest oxide layer of all of
the niobium samples (Table 1, Fig. 5). The oxide layer was
found to exhibit a number of inner closed pores and a distinct
three-layered structure [50]. The innermost layer was of the
barrier-type, similar to those grown on the samples anodised at
voltages below the dielectric breakdown of the oxide. The
intermediate layer was less compact, with a small amount of
silicon incorporated from the electrolyte solution. The outer-
most, porous layer was found to contain a relatively large
amount of silicon (Figs. 5 and 6) compared to the amount of

niobium, which was also reported for PEO of zirconium alloy
[46].

The XRD patterns obtained for the niobium samples
anodised under various conditions are depicted in Fig. 7.
Niobium pentoxide, Nb,Os, was detected in the XRD patterns
for the niobium sample anodised under different conditions,
which indicates that it is present in the crystalline form
(Fig. 7). It was not detected in the sample anodised at a voltage
of 100 V, where only the peaks of the pure crystalline niobium
were identified. Therefore, it can be stated that the anodic
oxide film on this sample is composed of amorphous niobium
oxide. Once the treatment voltage was raised to 200 V, niobi-
um pentoxide could be detected. The analysis of the XRD
patterns of the samples that were subjected to anodisation
performed at 400 V in various baths showed that the amount
of the Nb-containing crystalline phases did not markedly
changed with the K,SiO5 concentration. The XRD patterns
of the niobium samples that have been subjected to PEO
(under voltage of 400 V) show a characteristic halo between
26 equal to 15° and 30°, which was also recognised by other
researchers [46, 47, 49, 51] to be a signal of amorphous silica
phase. This effect is the most pronounced in the case of the
Nb-ANO-1.0-400 (Fig. 7), where the XRD pattern shows no
distinct peaks in the crystalline phases, suggesting that a thick
layer of amorphous silica covers the sample surface.

The XPS method showed that the surface layer of the
analysed samples contains mainly silica/silicate deposits and
that carbon species always adsorbed onto air-exposed speci-
mens (Table 2). Traces of niobium were also found at the
anodised surface. The electronic states of the elements in the
approximately 12-nm thick surface layer (calculated as 3
inelastic mean free path, i.e. 3)\) were investigated using
XPS. The results of the analysis of the high-resolution spectra
are presented in Table 2. Taking into account that approxi-
mately 20 % of carbon species are oxidised and the total
amount of carbon at the surface layer is 21.3 at.%, the

Table 2 Atomic concentrations

of the elements and their chemical Excitation ~ Atomic Component  BE, FWHM, Comp. Assignation Reference
states at the surface of the concentration, eV eV ratio, %
Nb-ANO-0.5-400 sample as %
analysed by XPS
Nb3ds, 09 A 207.7 25 100 Nb>* -0 [51,52]
Si2psn 329 A 1003 2.0 42 Si-O-K [51-53]
B 1035 23 95.8 Si-O (Si0,) [51,52]
Ols 423 A 5306 22 6.9 O-metal [51,52]
B 533.0 22 83.8 Si-O-Si+H,0  [51, 52, 54]
C 5342 21 9.3 Si-OH+0-C [54]
K2psp 2.6 A 2940 24 100 K-O-Si [52]
Cls 213 A 2850 1.9 80.5 c-C [51,52]
B 2864 19 153 C-OH [51,52]
C 2883 25 42 COOH [51,52]
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Fig. 8 The deconvoluted

spectrum of O ls core excitation Name Pos. FWHM %Area .

of the niobium that was anodised A 530.5863 2.2598 6.86 o

at 400 V in 0.5 mol dm * K,SiO; . 5329766 2.1282 83.80 ]
(Nb-ANO-0.5-400 sample) ¢ 534.2433 2.1099 9.35 . x‘ O1s

Arbitrary Units

/

//

T s
~ -

N

T
540

silicon-to-oxygen ratio is much lower than the stoichiometric
1:2 for SiO,. Additionally, the Si 2p core excitation (Fig. 8)
shows two components assigned to silicate (A) and crystalline
silica (B) where component B predominates [52—55]. In the
XPS technique, most of the intensity, i.e. 63 %, originates
from a depth of 1), leading to the conclusion that the surface
is covered by stoichiometric SiO,, whereas the deeper parts
show oxygen deficiency. This conclusion is also corroborated
by analysis of the O 1s spectrum (Fig. 9), where the most
intense component can be assigned to siloxane type bonding
(Si—O-Si) typical for silica [53, 55]. A small number of other
oxygen species are attributed to the oxygen-metal bonding in

T T
536 532 528
Binding Energy (eV)

silicates (component A), water (part of component B), and
siloxanol and organic compounds (C). The presence of silicate
species in the surface layer is confirmed by a maximum of the
K 2p5,, core excitation at a BE of 294.0 eV, which is assigned
to potassium silicate. Moreover, the analysis of the
K/Si(silicate) ratio shows that stoichiometric K,SiOj3 is found
at the analysed surface at 1.3 mol.%. The analysed surface
contained only a small amount of niobium (V) species.

The open-circuit potential (Eocp) values of the niobium
samples were recorded in Ringer’s physiological solution for a
time of 1 h. The results of these measurements are depicted in
Fig. 10. The Eocp increased once the niobium sample was

Fig. 9 The deconvoluted

spectrum of Si 2p core excitation Name Pos. FWHM %Area &
of the niobium that was anodised A 100.2846 1.9520 4.4 “
at 400 V in 0.5 mol dm > K,SiOs | A 100.8946 2.0496 0.00 41,(‘ Si2 .
(Nb-ANO-0.5-400 sample) B 103.5335 2.2783 95.76 J P
B' 104.1435 2.3923 0.00 [{‘

Arbitrary Units

s""'n ity

I
112
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Fig. 10 The variation of the 04
Eocp with time in Ringer’s
solution for the etched
niobium and the niobium that 0.3
was anodised under various
conditions (Nb-ANO-x—y
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>
o 01 ;//'
O
“
S
3
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subjected to anodic oxidation when compared with the niobi-
um sample that was only pretreated. Once the etched niobium
sample was immersed in the Ringer’s simulated body fluid,
the open-circuit potential for that sample was observed to
increase over time to its final value of —178.5 mV (Fig. 10).
This trend is typical of valve (or refractory) metals [56]. The
increase in potential is associated with sealing of the native
oxide layer, indicating the surface activity of the metal. The
niobium sample that was anodised at 100 Vin a 0.5 mol dm >
K5,Si0; solution exhibited some surface activity at the

1000

2000 2500 3000 3500

Time, s

1500

beginning of the measurement (Fig. 10). However, after ap-
proximately 700 s, the stability of the coating was lost, and the
slow dissolution of the layer commenced. The E ocp for this
sample stabilised at the end of the experiment at a value of
133.6 mV. Such a significant shift towards the anodic direc-
tion indicates improved corrosion resistance of the niobium
surface compared to the pretreated sample. The anodisation of
the niobium sample at a voltage of 200 V yielded surface of
the similar corrosion performance as the sample treated at
100 V. The surface of this sample was observed to be more

Fig. 11 The polarisation curves 1x10°
recorded for the etched niobium
and the niobium that was
anodised under various
conditions (Nb-ANO-x—y 1x107
samples)
~ 1Ix10®
g
<
<
o)
~
=1
£
1x10°
—Nb
- Nb-ANO -0.1-400
< _
——Nb-ANO -0.5-100
Nb-ANO -0.5-200
——Nb-ANO -0.5-400
——Nb-ANO -1.0-400
1x10° T
0.3 0.2
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E vs.SCE, V
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Table 3 The results of corrosion

resistance investigations of the Sample K,Si03, mol dm > u,v Ecorr, mV Ry, Q cm® Jcorrs A cm

niobium samples in Ringer’s

solution Etched Nb - -195.8 386x10° 427.1x10°
Nb-ANO-0.5-100 0.5 100 123.6 1.47x10° 59.1x107°
Nb-ANO-0.5-200 200 121.6 1.54x10° 56.5%x107°
Nb-ANO-0.5-400 400 123.4 655%10° 132.7x10°
Nb-ANO-0.1-400 0.1 400 194.6 944x10° 90.9x107°
Nb-ANO-1.0-400 1.0 104.0 1.23x10° 70.7%x107°

active at the beginning of the measurement; however, the final
value of the £ ocp for the Nb-ANO-0.5-200 sample was equal
to 130.6 mV. A further increase in the processing voltage to
400 V (PEO) produced a surface with a similar degree of
activity to the final open-circuit potential of 134 mV (Fig. 10).
The surface of the Nb-ANO-1.0-400 sample was observed to
behave similarly under the experimental conditions (Fig. 10).
The E ocp value for this sample was determined to be equal to
115.9 mV. This value is somewhat more negative than the
values obtained for the other oxidised niobium samples,
which can be associated with non-homogeneity of the treated
surface and with large pores that can be easily penetrated by
chloride ions. The niobium sample, which was anodised at
400 V in a solution that contained 0.1 mol dm > of K,SiOs,
attained the highest value of the open-circuit potential
(203.2 mV) out of all the analysed niobium samples
(Fig. 10). However, the dissolution of the oxide layer com-
menced after approximately 400 s with the £ ocp decreasing
as time elapsed. Such a significant shift in the open-circuit
potential compared with the etched niobium sample can be
attributed to the surface morphology of the sample (Figs. 3

and 5). The oxide layer of this sample was relatively thick and
compact, which did not permit penetration to the metal sur-
face. Nevertheless, the oxide was not stable in the SBF, which
is suggested by the decreasing trend of the £ ocp=/{(¢) curve.

The linear polarisation method was applied for the deter-
mination of the corrosion parameters (£ corr,/ corr, and R p)
of the niobium samples. The data were extracted from the
polarisation curves recorded for those samples (Fig. 11) in
Ringer’s SBF, and the results are summarised in Table 3. The
corrosion potential of the etched niobium sample was deter-
mined to be —195.8 mV, which is lower than its open-circuit
potential, as could have been expected because the potential
scan began at a cathodic potential and was swept in the anodic
direction. This scan profile resulted in a partial reduction of
the oxide film, and therefore, a decreased corrosion potential
value [22]. The corrosion current density and polarisation
resistance of the etched niobium sample were found to be
equal to 427.1 nA cm 2 and 386 k) cm?, respectively. The
anodisation of niobium at a voltage below the breakdown
potential of the oxide layer, that is, 100 and 200 V, resulted
in a significant shift in the corrosion potential towards the

Fig. 12 The cyclic polarisation 8x10°* -
curves recorded for the etched b ANO 400
niobium and the niobium that was -

; . 7x10* | ===Nb-ANO-0.5-100
anodised under various A
conditions (Nb-ANO-x—y - -0.5-
samples) ——Nb-ANO -0.5-400

-4
6x10" < Np-ANO-1.0-400
5x10°*
£
<
< 4x10*
-3
3x10*
2x10"
1x10™* J
0x10*

-0.5 0
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noble metal side of 123.6 and 121.6 mV, respectively. The
current density for those samples decreased to 59.1 and
56.5 nA cm 2, respectively, compared with the pure niobium,
while their polarisation resistance was raised to 1.47 and
1.54 MQ cm?, respectively. The anodic oxidation of the
niobium samples under PEO conditions in solutions of 0.1,
0.5, and 1.0 mol dm > led to an anodic shift in their corrosion
potential to 194.6, 123.4, and 104.0 mV, respectively. This
finding is associated with the surface morphology of the
sample (Figs. 3 and 5). The highly porous and loose surface
of the Nb-ANO-0.5—400 and Nb-ANO-1.0-400 samples pro-
vides worse corrosion protection than the more compact and
tightly adhering oxide layer grown on the Nb-ANO-0.1-400
surface. The results from our previous studies on the
anodisation of tantalum [42] and zirconium [44] follow a
similar trend.

The results of the cyclic polarisation investigations per-
formed on the niobium samples are presented in Fig. 12.
The shape of the polarisation curve recorded for the etched
niobium sample is typical of valve metals [23, 57-59]. The
anodic scan reveals that the surface passivation phenomenon
commenced at approximately 0.2 V, where NbO and NbO,
are oxidised to Nb,Os [59], with a characteristic plateau, and
at a potential of 1.7 V, the evolution of oxygen took place
(Fig. 12). No transpassivation was observed for this sample,
which indicates that no pitting corrosion occurred during the
scan. During the reverse scan, the current quickly dropped to
negligible values, which signifies that the oxide grown during
the anodic scan had not undergone subsequent reduction. The
curves that were recorded for the niobium samples, which
were subjected to anodic oxidation in potassium silicate solu-
tions, reached much lower maximum current values than the
etched niobium sample, which is attributed to the existence of
the relatively thick oxide layers that limit the flow of current
through the sample. No transpassivation region could be
identified for the anodised samples, which proves that the
electrochemical modification of the surface layer led to a
notable improvement in the corrosion resistance when com-
pared with the pure niobium surface. The lowest current
values were recorded for the sample anodised in a
0.1 mol dm 3 K,SiO; solution at a voltage of 400 V, whereas
the highest current values were observed for the Nb-ANO-
0.5-200 sample.

Conclusions

The effects of anodic oxidation on the characteristics of the
oxide coatings generated on pure niobium at various process
voltages in baths that contained different amounts of potassi-
um silicate were investigated in this work. This method of
surface modification enables the incorporation of silicon into
the oxide coatings. Relatively thin, uniform and barrier-type

coatings slightly enriched in silicon are obtained on niobium
when the process voltage is below the breakdown potential of
the oxide layer. When the plasma electrolytic oxidation con-
ditions are attained, the resulting coatings are thick, porous
and rough. Crystalline Nb,O5 and Nb were identified in those
oxide layers. The coatings on the PEO treated niobium sam-
ples exhibited a three-layered structure, with an innermost
compact barrier layer, an intermediate more loosely structured
layer and an outermost highly porous layer composed mainly
from amorphous silica. The amount of silicon incorporated
into the coatings was higher at higher voltages and higher
concentrations of potassium silicate in the anodising bath. The
electrolyte components were the most abundant in the outer
layers of the oxide coatings on the niobium samples treated at
400 V. The modification improved the resistance to corrosion
in Ringer’s physiological solution of all the treated niobium
samples compared to that of pure niobium, regardless of the
imposed process conditions, with the best performance ob-
tained for the niobium sample anodised at 400 V in a
0.1 mol dm > potassium silicate solution. Although the pres-
ent results are promising, biocompatibility experiments and
studies of the mechanical properties of these oxide layers must
be conducted to ascertain their usefulness in the biomaterials
field.
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