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Figure 5. XRR lines of the coatings made by: (a) the sol-gel technique; (b) anodic oxidation without heat treatment; (c) anodic oxidation

with heat treatment; (d) thermal oxidation and substrate

Using Parrat’s theory [30], as a consequence both the
coating surface roughness and the substrate roughness
are similar in the films produced by anodic and thermal
oxidation. The roughness of the surface produced by the
sol-gel technique is smaller. Therefore, it is possible that
the sol-gel technique produced smoother films than the
anodic and thermal oxidation techniques, and that the
anodic and thermal oxidation techniques produced films
that copy the substrate roughness.

Table 2 shows the values of the surface roughness (Ra) of
the samples. It can be seen that both the samples obtained
by anodic oxidation with and without heat treatment and
those that were thermally oxidized gave values of surface
roughness Ra similar to those of the substrate. Regarding
the samples covered by sol-gel, some gave smaller values
of roughness, thus indicating that they were softer.

Figure 6 shows the SEM images of the sol-gel monolayer
samples. Neither cracks nor pores are observed in the
central surface of the samples obtained by the sol-gel
(Figures 6.a and 6.b). However, near the edges, the
thickness is larger than in the centre of the surface due to
the drainage process, and therefore some cracks may be
formed near it [14]. Cracks appear in monolayer films
because the thickness is greater than the critical value of

around 142 nm (Figure 6.c). This value may be achieved
on the edges, which explains the cracks observed in it.
Three-layer films (S5) were made only with a diluted sol
up to a maximum thickness of 75 nm and no cracks on
the surfaces were observed.

Technique Sample Ra Error

[pm] | [pm]

substrate | 0.020 | 0.005

Sol-gel S2 0.012 | 0.003

dip-coating S3 0.021 | 0.003

S5 0.009 | 0.003

S6 0.020 | 0.002

Anodic 20V 0.020 | 0.005

oxidation 40V 0.020 | 0.006

with and 755y 0.018 | 0.005

without 20 V+1tt | 0.017 | 0.003
heat

treatment 40 V+1tt 0.025 | 0.006

60 V+1tt 0.030 | 0.005

Thermal ITT-i 0.021 | 0.005

oxidation 17T 0021 | 0.005

3TT 0.020 | 0.005

Table 2. Roughness (Ra) of the samples
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The films produced by anodic oxidation were
homogeneous, smooth and compact when the voltage
was below 60 V (Figure 7.a). At 60 V and higher voltages,
some pores were observed (Figure 7.b); this porous
formation is associated with the start of the phenomenon
of spark discharge, which derives from an oxidation
process called ‘Anodic Spark Deposition” and which is
used to produce porous films with a thickness up to
several micrometres [20,21].

The heat treatment applied to the films obtained at 20 V
and 40 V did not cause significant changes in the film
quality (Figure 4.c).

30pm 30um

Figure 6. SEM images of the sol-gel monolayer samples: (a) 54;
(b) S6; (c) S7

b) c)

30pm 30um

30pum

Figure 7. SEM images of the anodized samples: (a) 40 V; (b) 60 V;
(c) 40 V+1tt

3.4 Structure of the coatings

The diffractograms of the films, as well as the
diffractogram of the substrate Ti-6Al-4V without a
coating, are shown in Figure 8. They are given in
normalized intensities for the comparison of the relative
amounts of the crystalline phases. All the diffractograms
show peaks corresponding to the oo and B phases of the
biphasic Ti-6Al-4V alloy used as a substrate. The
presence of the crystalline phases of TiO2 can be
determined from the presence of the main peak of the
anatase phase (101) at 20 25.29 ° or of the rutile phase
(110) at 20 27.46 ° [26].

Figure 8.a shows the sol-gel film diffraction patterns. In
the diffractogram of the monolayer sample S6 (which is
91 nm thick) and in the three-layer sample S5 (which is 75
nm thick) it is possible to identify the anatase and rutile
phases. On the other hand, in the S3 sample (which is 54
nm thick) and in the sample S2 (which is 33 nm thick) a
small peak corresponding to the rutile phase structure
was observed.
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Figure 8. Diffractograms of the coatings obtained by: (a) the sol-
gel technique; (b) anodic oxidation with and without heat
treatment; (c) thermal oxidation. Label A indicates the anatase
peaks, label R the rutile peaks and label o the alpha-phase peaks
of the substrate

Figure 8.b shows the diffraction patterns of the anodic
oxidation films, with and without heat treatment. The
effect of the heat treatment is clear, since the non-treated
films showed no detectable peaks of the anatase or rutile
phases; however, after the heat treatment, the coatings
show the main peaks of anatase and rutile. It can be
seen that the intensity of the main peak of anatase
increases with the voltage of the anodized sample
because as the voltage increases, so does the thickness of



the coating and therefore the anatase mass. The
presence of rutile in the samples can be associated with
the low thickness of the coatings (up to 144 nm) and the
crystallite size of both phases (see below), which would
activate the transformation of anatase to rutile at a
temperature lower than that of 600 °C proposed in the
literature [33]

Figure 8.c shows the diffraction patterns of the thermally
oxidized films. In the patterns corresponding to the
sample 1TT (20 nm thick) and the sample 1TT-i (23 nm
thick) the peaks of the anatase and rutile phases were not
observed. However, in the patterns corresponding to the
sample 3TT (36 nm thick) the rutile peak is evident.

The crystalline phases began to be identified at a
minimum thickness of 33 nm. The absence of crystalline
peaks in coatings thinner than 33 nm could be explained
by the actual absence of crystalline material or else a
reduced amount of anatase, which was below the
detection limit for the method.

The application of Scherrer’s Formula (1) proved that the
coatings obtained by anodic oxidation with heat
treatment have an average anatase crystallite size of 20
nm (min. 4.5 nm and max. 32 nm), while in the coatings
obtained by sol-gel, the anatase crystallites were of an
average value of 15 nm (14 nm min. and max. 16 nm).

Regarding the size of the rutile crystallites, the mean
values were 4 nm to 5 nm for the anodic oxidation and
sol-gel techniques, and in both cases - respectively - with
min. 1 nm and max. 8 nm.

While a direct correlation between the parameters
analysed in each process and the size of the crystallites of
anatase and rutile were not found, it is evident that there
is a dependence of the process used to manufacture the
coatings upon the nanocrystal sizes of each phase.

The crystallite size may be related to the stability of the
crystalline structures in the films. According to theoretical
and experimental studies, it is known that anatase is a
metastable phase, whose thermodynamic stability is
dependent on the size of the crystallite, then the anatase
is more stable than rutile when its crystallites are smaller
than a critical size [34]. The critical anatase crystallites’
size for the anatase-to-rutile transition was reported
within a range of 11 nm to 45 nm [34]. In this case, the
presence of rutile in the samples treated at 500 °C may be
related to the formation - on the metal-amorphous oxide
interface - of anatase crystallites exceeding that critical
size, due to the surface effects of bi-dimensional
crystallization which transform to rutile following a
nucleation and growth process.

In the diffractograms for all the heat treated samples -
irrespective of coating method - a small asymmetrical
broadening to the left of the peaks corresponding to the a
phase (fcc Ti) of the substrate material was observed. In
contrast, in the same peaks in the uncoated substrate and
those coated by anodic oxidation, this effect was not
observed. This broadening could be due to a
concentration gradient probably produced by the
diffusion of oxygen below the film during heat treatment,
or else to a deformation due to stress at the film-substrate
interface [35]. The analysis of the thermodynamic aspect -
as well as of the kinetics - of this process is beyond the
scope of this report.

4. Conclusions

The analysis of the thickness, morphology and crystalline
structures of TiO2 thin films produced by sol-gel dip-coating
and anodic oxidation allows for the conclusion that:

There is a constant relationship between colour and
thickness, which allows for the estimation of the film
thickness by the film colour, independent of the coating
method.

The use of XRR determined that in sol-gel samples the
thickness increases with an increase in the following
parameters: dip-coating speed,
titanium butoxide/isopropanol ratio and aging time of the

number of layers,
dispersions. In anodic samples, a linear relationship was
found between the thickness and the applied voltage,
which allows for the estimation of thickness with good
precision.

With the anodic and thermal oxidation, the film copies
the substrate roughness. In some cases, the sol-gel
produced films smoother than the substrate.

The crystalline phases in the oxide films were identified
by GI-XRD only in films thicker than 33 nm,
independently of the coating technique. The monolayer
and multilayer coatings showed the presence of a mix of
anatase and rutile phases. Applying heat treatment of
500 °C and 1 h, after anodizing, crystalline TiO2 in anatase
and rutile phases are produced without an increase in
film thickness.

The sol-gel and anodic oxidation techniques give suitable
coatings for prosthetic heart valves that are both low-
roughness crystalline  structures.
Optimizing the process conditions could give smooth
films, thick enough to potentially offer good mechanical
and corrosion resistance. Evaluating these properties and

films and ideal

carrying out haemocompatibility assays will define which
will be the best coating for a prosthetic heart valve.
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