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Abstract. Oxide layers on titanium alloy surfaces have an influence on bio-compatibility and
corrosion resistance. In order to improve them, properties of oxide layers are examined. The oxide layer
can be prepared by different methods and under various conditions. This results in a creation of layers
showing different composition, structure, properties, stability, adhesion and biocompatibility. In the
presented paper, samples of three titanium alloys were used: Commercially Pure (CP) titanium grade 2,
Ti6Al4V alloy and β-titanium alloy Ti-39 wt.% Nb. Samples were anodically (1 M H2 SO4 / 100 V / 1 hour)
oxidized. Changes in surface colouration and roughness were observed. The thickness of oxide layers
was measured using a scanning electron microscope (SEM). The SEM was then used for observation of
the surface topography of oxidized samples. The chemical composition of the surface layers was defined
by X-ray photoelectron spectroscopy (XPS).
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1. Introduction
There is a wide spectrum of materials used as biomaterials. Group of titanium alloys is one of the most
prominent amongst them. Titanium alloys are used
for a significant range of implants or tools because
of their mechanical properties, corrosion resistance
and biocompatibility. The last two parameters are
strongly influenced by an oxide layer on titanium surfaces. The properties of an oxide layer are dependent
on the substrate material, presence of an interlayer,
method of preparation and its conditions, etc. [1–3].
The characteristics of a biomaterial surface include
the biological response. Surface attributes, such as
chemical composition, free surface energy and surface
morphology, are studied in order to understand the
surface properties and behaviour. One of the most
common biomaterials — Ti6Al4V alloy — may be a
cause of health issues. Its oxide layer also contains,
in low amounts, ions of Al and V, which are released
into a human body [3]. The newly developed titanium
β alloys exhibits better biocompatibility ensured by
a low quantity of alloying elements (Nb or Ta for
example) present in the oxide layer [1, 4–7].
The excellent compatibility between the tissue, bone
and titanium alloy is predominantly controlled by
properties of its stable surface oxide layer [1]. Oxide
layers can be prepared by many different methods.
The most common, and probably the easiest, is a
controlled oxidation. There are different methods:
oxidation at elevated temperatures and in different
chemical compounds and anodic oxidation (besides
other methods). The different oxidation process (and
its conditions) leads to diverse layers: differences in
chemical composition, mechanical properties, struc240

ture, etc. For example, the difference in a layer’s
structure can affect the stability, adhesion or biocompatibility of the layer. Some authors [8] note that the
rutile structure is more suitable for cells of certain
type, yet others [1] have remarked that the anatase
structure is more suitable for human body in general [9–12].
Next to the basic anodic oxidation, there also
exists a modified process, which aims to create
nano-structured surfaces (with pores or tubes in a
nano-scale). The main method of producing nanotubes on a titanium surface is anodic oxidation in
electrolyte consisting of mixed acid of 1 M H3 PO4
and 0.4 wt.% HF solution, or 1 M (NH4 )2 SO4 with
0.25 M NH4 F. Nanostructured surfaces are used because of a better cell adhesion and higher osseointegration [1, 13].
In this work, the oxide layers prepared by the anodic oxidation are compared. The oxide layers were
prepared on samples from three titanium-based biomaterials: CP Ti grade 2, Ti6Al4V alloy and β alloy
Ti-39 wt.% Nb (Ti39Nb). The goal is to form structured (ideally nanostructured but not in a form of
nanotubes) oxide layers by using simple electrolyte
and higher voltages. The inspiration was the article [10], where similar procedure was carried out only
for CP titanium samples.

2. Experiment
Materials for the experiment were in form of rods
(diameter 12 mm). These rods were cut to cylindrical samples, each with a thickness of ∼ 3 mm. The
samples were mechanically ground (using SiC papers
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Sample
CP Ti grade 2
Ti6Al4V
Ti39Nb

Characterization of Anodic Oxide Layers
Surface roughness Ra [µm]

Surface
colour

Layer
thickness [µm]

Untreated samples

Oxidized samples

grey
golden
greenish purple

∼ 0.4
∼ 4.0
∼ 0.1–0.2

0.023
0.021
0.024

0.048
0.288
0.177

Table 1. The surface colour, the surface roughness and thickness of the oxide layer on oxidized CP Ti grade 2,
Ti6Al4V and Ti39Nb samples.

Figure 1. The overview (a) and the detail (b) of anodically oxidized surface of CP Ti grade 2 sample.

from grit P220 to grit P4000) and then polished (using neoprene cloth and SiO2 suspension mixed with
H2 O2 ) into mirror sheen.
Polished samples were anodically oxidized. The anodic oxidation was carried out at a room temperature
in 1 M H2 SO4 . The electrolyte was in a custom made
container and the circulation of the electrolyte was
driven by compressed air; anodization was realized
using platinum cathodes and the SZ 20 110/400, NES
Nova Dubnica, SR power-source. Parameters of the
oxidation were based on the article [11]. The current
was preset at app. 40 mA/cm2 and the voltage at
∼ 100 V. Samples were being oxidized for 1 hour, then
cleaned and dried.
The change of surface colour was observed on oxidized samples. The surface roughness of the samples
was measured using Hommel Tester T 1000 (Stylus
tip 5 µm/90°; scanning length 5 mm). Subsequently,
the surface of samples was observed using the scanning electron microscope (SEM) Jeol JEM7600F. The
SEM was also used to measure the thickness of oxide
layers measured on cross-section samples. The qualitative and quantitative surface chemical analysis was
acquired by X-ray photoelectron spectroscopy (XPS).
The used spectrometer consists of UHV apparatus
(p ≈ 10−7 Pa) with dual (Al/Mg) X-ray tube and
5-channel Omicron hemispherical analyzer EA 125.
Al anode (energy of radiation 1486.6 eV) was used in
performed experiments. The surface element concentration was calculated by a relative sensitivity factor
method.

3. Results
The change of colour on the surface of oxidized samples
is noted in Table 1. The table also contains the results
of measuring the surface roughness and thickness of
the oxide layers.
The colouration of the surface is distinct for every sample group, but within each group, the surface
colour is constant. The surface colour is mostly affected by the thickness of the oxide layer, though in a
smaller scale, the chemical composition of oxides can
influence it as well.
The thickness of the oxide layer varied significantly
between different groups of samples. The thickest
layer was measured on the Ti6Al4V samples with a
mean value of ∼ 4 µm. Oxide layers on the other two
groups were significantly thinner, about 0.4 µm for
CP Ti and just about 0.1–0.2 µm for Ti39Nb. The
layer is thicker in the areas with oxide crystals. Differences in thickness can be explained by the speed of
passivation [11].
The noticeable change of the surface roughness,
when compared to the polished surfaces (with Ra ≈
0.02 µm), was observed as well. But the trend in the
change of the surface roughness was different from the
one observed in the case of the oxide layer’s thickness.
The smallest surface roughness was found on the CP
Ti samples, the roughest surface was found on the
Ti6Al4V sample. This coincides with the results of
the thickness measurement. The resulting values of
the surface roughness of TiNb were found between
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Figure 2. The overview (a) and the detail (b) of anodically oxidized surface of Ti6Al4V sample.

these two aforementioned values. The reason for these
values may be found in the surface topography or
the process of the oxide crystals growth, which is
mentioned in the next part of the article.

3.1. Surface topography
The surface of the anodized CP Ti sample is in the
Fig. 1. The overview (Fig. 1a) shows that the whole
surface is completely covered with an oxide layer. It is
also possible to notice that the whole surface contains
a specific structure. The detail (Fig. 1b) shows that
the structure consists of pores. Diameter of these
pores varies in a range between app. 50–300 nm. Both
the overview and the detail are representative for the
whole surface of the anodically oxidized CP Ti. The
surface around pores seems relatively smooth. Since
individual pores are relatively small in comparison to
a testing needle tip, they would not significantly affect
the roughness measurement.
The surface of the anodically oxidized Ti6Al4V sample (see Fig. 2) seems different, but some similarities
are noticeable. The overview (Fig. 2a) shows rough,
coarse surface, which is completely covered with oxides. The uniformity of the surface layer is disturbed
by a presence of several craters. But, similarly to the
oxide layer on CP Ti, the surface has the substructure
containing pores. These pores are about the same size
as on CP Ti. The pores are more distinctive inside
the craters. This fact is documented in the Fig. 2b.
The detail shows a complex 3-dimensional porous substructure. The higher surface roughness is due to
the coarse surface and is, moreover, accented by the
presence of the craters. Again, a coarse, rough surface
is caused by the higher thickness of this particular
oxide layer.
The surface of anodically oxidized Ti39Nb (Fig. 3)
shows some resemblance to the two previous samples
but, in general, differs. The first significant difference
can be seen in an overview (Fig. 3a): the surface is not
completely covered with a uniform oxide layer. Oxide
crystals are the dominant feature of the surface, they
242

Sample

O

OC

Ti

Al

V

Nb

C

CP Ti grade 2
Ti6Al4V
Ti39Nb

51
53
44

10
9
13

27
23
16

–
3
–

–
2
–

–
–
6

12
10
21

Table 2. Surface chemical concentration of Ti,
Ti6Al4V and TiNb samples after oxidation, in at.%.

appear in individual clusters and their distribution
seems random at first. Theoretically, islands/clusters
of oxide crystals should be growing on microstructural
grains of certain orientations. But this has yet to be
proven by the electron backscatter diffraction (EBSD).
Under and around the oxide clusters, the background
is visible (the detail is shown in the Fig. 3b), which
seems to have a substructure similar to the anodically
oxidized CP Ti and Ti6Al4V. Pores are vague, yet
visible; their size is again similar to the ones on previous samples. But overall, the background layer seems
to be very thin. The higher surface roughness can be
explained, even though the oxide layer is very thin,
by the coarse, cluster-like formations of oxide crystals
on the relatively smooth background. The adhesion
of oxide clusters was not exactly measured.

3.2. Chemical composition
of the surface
The results of XPS surface chemical analysis are shown
in the Table 2.
The analysis shows that surfaces of all samples are
mostly composed of TiO2 . The compound is determined from core levels of Ti 2p at 458.8 eV (Ti+IV )
and O 1s at 530.1 eV (O–Ti bond). For TiNb samples,
Nb is in Nb+V state (Nb 3d at 207.2 eV).
Anodically oxidized Ti6Al4V features lower oxidation states: 29 % of Ti is in lower oxides (2p between
457.2 eV and 456.0 eV), Al is in lower oxide (2s at
118.1 eV) and metallic alloy (116.1 eV) and V remains
in fully oxidized V+V .

vol. 58 no. 4/2018

Characterization of Anodic Oxide Layers

Figure 3. The overview (a) and the detail (b) of anodically oxidized surface of Ti39Nb sample.

The oxygen concentration is differentiated according
to its origin. O denotes the contribution of Ti, Nb and
V oxides and OC marks the contaminants. However,
the Al oxide contribution cannot be distinguished from
contaminants due to their similar binding energies and
it is, therefore, included in OC .
The composition of the oxide layer dependent on
the depth from surface to substrate is different. The
surface contains higher amount of O, while concentration of Ti (and possible alloying elements) near the
interface between the substrate material and oxide
layer will be higher.

4. Discussion
Combined results show differences of samples oxidized
in the same conditions. However, there is a visible
trend for all of the samples. There seems to be a relation between the surface roughness and other properties: layer thickness and surface topography. Both of
them are affected not only by the oxidation process
itself and the chemical composition of the oxidized
materials but also by the different crystallographic
orientation of microstructural grains. However, this
has to be proven by other experimental method, most
likely by the EBSD analysis.
The chemical composition of Ti samples consists
solely of TiO2 . In case of Ti6Al4V alloy, the sample
exhibits slightly increased concentration of Al and
V. The surface composition of TiNb sample contains
roughly 6 % Nb, which is significantly lower than its
volume concentration (39 %). However, the presence
of Nb in the surface layer is in accordance with the
theory [1, 10] and should be the cause of a better
biocompatibility because of Nb being more biocompatible than Ti. Moreover, the better biocompatibility
originates also from the presence of Nb (mostly as substituting atoms in Ti oxides) in the surface layer [4].
The anodic oxidation of CP Ti resulted in a relatively smooth oxide layer with a medium thickness
(close to the commercially used values [1]) and porous

substructure. Ti6Al4V samples show similar results,
but the layer is significantly thicker and rougher. The
porous substructure is present as well (with approximately the same size of the pores), but pores are
more distinct in craters in the surface layer. The
Ti39Nb alloy exhibits slightly different results. The
layer is relatively thin, yet the surface roughness is
higher as a result of the surface topography – clusters of oxide crystals on top of the thin layer showing
signs of porous substructure. Oxide crystals are possibly following certain crystallographic orientations of
microstructural grains.
The observation of the surface shows that there
exists a substructure in the oxide layer on all samples, though there are differences. The results show
the porous nanostructure on the surface of oxidized
samples, even though the nanostructure is usually
achieved by more complex methods [1, 13].
In further experiments, it would be appropriate to
widen the range of materials and oxidation parameters
to evaluate the effect on the surface layer and whether
it is a possibility to obtain a different nanostructure
or to prepare this nanostructure on thin layers of
titanium alloys.

5. Conclusions
The anodic oxidation resulted in a formation of oxide
layers on all samples from all tested groups. The
existence of a layer was observed immediately after
the oxidation process because of the colouration of
the samples’ surfaces.
The change of thee surface and its properties was
then verified by measuring the roughness, thickness of
oxide layer and its chemical composition. The topography of the surface was observed as well. A similar
pattern was observed on the changes of the thickness,
roughness and surface topography. Higher roughness
correlating to thicker and/or more structured layers.
In the case of CP Ti and Ti6Al4V, the surface
was covered with a uniform oxide layer, even though
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J. Krčil, V. Mára, S. Krum, J. Sobotová
the thickness of Ti6Al4V oxide layer was 10 times
higher than that on CP Ti. Both of the layers exhibited the porous substructure. Although Ti39Nb
samples showed signs of the similar substructure, the
predominant structure was made of clusters of oxides
affecting the roughness. The Ti39Nb oxide layer was
the thinnest of the three as well.
The cluster-like oxide crystals formation on the surface of Ti39Nb seems to be following certain crystallographic orientations of microstructural grains. This
should be examined by the EBSD measurement in
future.
The surface of all materials consists primarily of
TiO2 . Even the Ti39Nb surface has only about 6 % Nb.
In the case of CP Ti, Ti6Al4V and Ti39Nb, the chemical composition of oxide is almost identical.
For further studies, it would be appropriate to cover
a wider range of oxidation parameters to see the differences of the resulting layers.
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