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A B S T R A C T

Titania coatings were deposited on 316L SS by the spraying method. It was found that the hardness, corrosion
resistance and in vitro bioactivity of the titania coatings depends strongly on their particle size and the deposition
rate. A small particle size and lower deposition rate promote the formation of a flat and more compact coating,
which improves the corrosion resistance and hardness. However, a rough and porous structure obtained with a
high deposition rate is required for the nucleation and growth of hydroxyapatite. Therefore, hard and corrosion
resistant coatings with good bioactive properties can be achieved by the deposition of two layers, firstly de-
positing a dense layer and then a porous titania layer.

1. Introduction

316L stainless steel (316L SS) is widely used for biomedical appli-
cations due to its high mechanical resistance and low manufacturing
cost. However, it is prone to localized corrosion when interacts with
physiological fluids [1]. To solve this, 316L SS is commonly coated with
ceramics, polymers or composites in a single or multilayer form [2–6].
Titania (TiO2) is one of the most promising ceramics for corrosion
protection; moreover, titania can be used as a bioactive material. Its
mechanical resistance and hardness depend on its density and micro-
structure [7], while its bioactive properties are influenced by the sur-
face topography and porosity [8–10]. The incorporation of elements
such as strontium and silicon into titania nanotubes improves the tissue
integration [11]. The corrosion resistance and biological activity of
nanostructured tubular titania can enhanced by incorporating hydro-
xyapatite (HAp) doped with elements such as F and La or Ag and Mn
[12,13].

Several methods such as sputtering, laser ablation, atomic layer
deposition and dip coating have been employed for titania deposition
with controlled topography and porosity [14–19]. However, some of
them require high vacuum conditions and/or need too long deposition
times. Alternatively, the spraying method is a simple, fast and cheap
technique for producing large-scale coatings. Porous or dense coatings

can be obtained through the spraying method by adjusting some spray
parameters, such as molar concentration, pressure, spray distance,
substrate temperature, deposition rate, and type of solvent. When alk-
oxide precursors such as titanium tetraisopropoxide (TTIP) are used,
the evaporation rate plays an important role on the density of the
coatings [20]. For instance, the evaporation rate increases when both
the droplet size decreases and low-boiling point solvents are used. For
example, butyl carbitol (BC) is commonly mixed with ethanol for
controlling the density of the coatings prepared by electrostatic spray
deposition (ESD) [20]. Similarly, there are other organic solvents that
modify the viscosity and boiling point of the starting solution, which
serve to control the evaporation of the solvent and the density of the
coatings [21]. Additionally, BC can also serve as a masking agent
against the hydrolysis of TTIP [20].

Nowadays, there are many reports about titania coatings deposited
on 316L SS for implantology. However, there are few studies about
these coatings obtained by the spraying method, to the best of to our
knowledge. Thus, this work analyzes the effect of the particle size in the
precursor sol and the deposition rate on the density of coatings of ti-
tania coatings, which in turn affects the corrosion resistance, hardness,
adhesion and in vitro bioactivity properties.
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2. Experimental details

2.1. Preparation of the precursor solutions

All reagents were from Sigma Aldrich and were used without any
further purification. Two different sol solutions named as A and B were
prepared. Sol solution A consisted of a 0.05M mixture of titanium
tetraisopropoxide (TTIP) and ethanol (EtOH). Sol solution B consisted
of a 0.05M mixture of TTIP in 6.5 vol% butyl carbitol (BC) and 93.5 vol
% EtOH.

The particle size in both sol solutions was measured as a function of
time with a NANO-flex Microtrac Dynamic Light Scattering (DLS).
Powders obtained by scratching the as-deposited coatings were ex-
amined by infrared spectroscopy (FTIR) and thermogravimetric ana-
lysis (TGA) using a Spectrum 65 infrared spectroscope and TGA 4000,
both from Perkin Elmer.

2.2. Deposition of titania coatings

The coatings were deposited on 316L SS plates of 10×25×1mm
by the spraying method. Before the deposition, the 316L SS plates were
sanded using an 800 grit silicon carbide paper. Subsequently, the plates
were cleaned with a mixture of water and detergent; and then, they
were rinsed with distilled water, ethanol and acetone, respectively. For
the deposition, the plates were heated at 60 °C and sprayed at 25 cm,
using dry compressed air at a pressure of 2.7 ± 0.2 bar. Three different
coatings named as C1, C2, and C3 were prepared, which depended on
the type of solution and deposition rate. C1 samples were prepared by
using the sol solution A, while samples C2 and C3 were prepared using
the sol solution B and two different solution flow rates were used, for
details see Table 1. Each sample was deposited by using sprays of 0.5 s
with pauses of 30 s. The total deposition time was 15min for all the
samples. After the deposition, the samples were heat treated at 250 °C
for 1 h.

2.3. Characterization of titania coatings

The surface and cross section morphology was observed by a Hitachi
SU8010 scanning electron microscope (SEM). The structure was ana-
lyzed by a Rigaku Ultima IV 600 X-ray diffractometer using Cu-Kα ra-
diation. The chemical composition was further investigated by X-ray
photoelectron spectroscopy (XPS) in a Thermo Scientific K-Alpha XPS
instrument with monochromatic Al Kα radiation of 1486.68 eV. The
corrosion analyzes were performed in a Ringer's solution (see Table 2)
using a Pine Wavedriver 10 potentiostat/galvanostat. A glass electro-
chemical cell with a three-electrode configuration was used, for that, a
saturated Ag/AgCl and platinum wire were used as reference and
counter electrodes, respectively. Potentiodynamic tests were performed
at a sweep rate of 1.0mV/s at room temperature (25 ± 2 °C). Elec-
trochemical impedance spectroscopy measurements were determined
at the open circuit potential by using a Gamry Reference 600 Po-
tentiostat/Galvanostat/ZRA with a superimposed 10mV sinusoidal
voltage in the frequency range of 100 kHz to 0.01 Hz. Hardness tests
were performed with a Wilson Tukon 300 FM Vickers microindenter

(applying 50 gf). The pull-off adhesion strength of the coatings was in
estimated according to the ASTM D4541-17 procedure, using a tensile
rate of 1MPa/s in a DeFelsko PosiTest Pull-Off Adhesion Tester and
Loctite 907 epoxy resin.

In vitro bioactivity tests were performed into sterile polypropylene
flasks filled with 20mL of SBF solution (see Table 2). The flasks were
placed in an incubator for 7, 14, and 21 days at 37 °C under soft stirring.
The SBF solution was replace every third day. After soaking, the coat-
ings were analyzed by SEM, FTIR and XRD. The surface roughness,
before and after soaking, was measured with a Mitutoyo SJ-210 Surface
Roughness Measuring Tester in the longitudinal direction with respect
to the sanding lines.

3. Results and discussion

3.1. Analysis of the precursor sol solutions

Particle sizes measured in sol solutions A and B as a function of time
are shown in Fig. 1. Particles of sol A showed a fast growth from 1.5 to
120 nm shortly after its preparation. This rapid growth is induced by
the low stability of TTIP in EtOH generating a heterogeneous size dis-
tribution (see upper inset of Fig. 1). In this case, the aspect of the sol
solution changes from transparent to a white colloidal form. In contrast,
the sol solution B was transparent for 4 days and conserved a particle
size around 1.5 nm with a narrower size distribution (see lower inset of
Fig. 1). This shows that BC protects the TTIP against the precipitation.

The infrared spectra of the powders C1 and C2–C3 obtained by
scratching the as-deposited coatings are shown in Fig. 2. The broad
band centered at 720 cm−1 is due to the stretching vibration modes of
TieO and TieOeTi, while the band at 1080 cm−1 is attributed to the
TieOeC vibration modes [22–24]. The relationship between both
bands reveals semi-quantitative information about the precipitation
that TTIP undergoes in each sol solution. Thus, it can be argued that
TTIP precipitates in EtOH due to the breakdown of TiOeC bindings,
while in sol B the TTIP maintains an original chemical structure even
after the deposition, which agrees with the stability of the particle size.
Other bands observed at 1200–1600 cm−1, 2860–2925 cm−1 and
1630–3180 cm−1 are due to the presence of carboxyl, methyl-methy-
lene and OH groups present in the powders [24–27], respectively.

According to the thermograms shown in Fig. 3, the C1 powder
(obtained from sol A) lost about 15wt% from 30 to 180 °C due to the
release of aliphatic ether groups. Subsequently, it lost about 21wt% in
range of 190 to 540 °C due to the calcination of organic compounds. On
the other hand, C2–C3 powders lost about 50% from 30 to 300 °C due to
the release of aliphatic ether groups, carbonyls and methyl-methylene
groups, as consequence of the remnant of BC after the deposition at
60 °C. Above 520 °C, a further weight loss is observed by the calcination
of the organic remnant. This shows that the organic material from BC is
harder to release even at temperatures as high as 500 °C. For this
reason, we consider that an excess of BC could hinder the formation of
titania during the heat treatment.

Table 1
Experimental conditions for the deposition of titania coatings. The coatings were deposited at 60 °C and then were treated at 250 °C. The corrosion parameters of bare
and titania coated 316L SS samples are also listed.

Sample Sol solution Flow rate Consumption Thickness Water contact angle Ecorr icorr Eb Rp CR

mL/s mL μm ° (mV) (nA cm−2) (mV) (105 Ω cm2) (mpy)

316L SS – – – – 80 −218 255 315 0.55 328
C1-250 A 0.5 2 4.3 45 −567 126 299 1.4 129
C2-250 B 0.5 2 3.5 49 −560 84 525 1.6 61
C3-250 B 0.005 0.5 0.5 73 −520 77 1155 2.2 52
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3.2. Characterization of titania coatings

The surface and cross section images of the coatings treated at
250 °C are shown in Fig. 4. C1–250 coatings obtained from sol A
(without BC) displayed a heterogeneous surface with several cracks and
voids up to 3 μm (Fig. 4a–b). In contrast, C2–250 and C3–250 obtained
by the sol solution B showed a more homogeneous surface, without
both cracks and large voids (Fig. 4c–f). This difference is attributed to
the particle size of the precursor sol solutions, which promote the for-
mation of more compact coatings. Among the samples obtained from
the sol solution B, C3–250 showed a flatter and less porous surface than
C2–250 samples. This means that the lower deposition rates promote
the growth of high-density coatings with pore sizes in the range of
15 nm, see Fig. 4e.

According to the literature, the porosity is an important parameter
to improve the bioactivity of coatings [10,28–31]. Therefore, a semi-
quantitative study about the porosity was carried out by using an image
analyzer. The porosity percentage of C1-250, C2-250 and C3-250
coatings samples was 20.9 ± 4, 11.8 ± 1 and 7.7 ± 0.5%, respec-
tively. Fig. 5 shows the amount of pores according to their average
diameter. The coatings C1-250 and C2-250 showed a greater number of
pores between 50 and 500 nm, while in C3-250 coatings the pores
ranged from 2 and 30 nm. The insets of Fig. 4a and c show that the C1-
250 and C2-250 samples present interconnected pores, while the
sample C3-250 showed single and distant pores, see Fig. 4e. The
average pore diameter size calculated for C1-250, C2-250 and C3-250

Table 2
Solutions used for corrosion and in vitro bioactivity tests. The values are given in g L−1.

KCl NaCl MgCl2·6H2O HCl 1M CaCl2∙2H2O K2HPO4·3H2O Na2SO4 NaHCO3 TRIS

Ringer 0.6 8.6 – – 0.66 – – – –
SBFa 0.225 8.035 0.311 39mL 0.292 0.231 0.072 0.355 6.118

a Prepared at 37 °C and buffered at a pH of 7.4.
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Fig. 1. Particle size of sol solutions A (red line) and B (black line) as a function
of time. The insets show the histograms of particle size distribution at 1 h time
for samples: A (upper) and B (lower).

Fig. 2. FTIR of powders C1 and C2–C3 obtained from scratching.
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Fig. 3. Thermograms of powders C1 and C2–C3.

Fig. 4. SEM images of surface and cross section of C1-250 (a–b), C2-250 (c–d)
and C3-250 (e–f), respectively.
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coatings was 227, 148 and 15 nm, respectively.
The XRD patterns and XPS spectra of the coatings treated at 250 °C

are shown in Fig. 6. According to the XRD patterns (Fig. 6a), all the
coatings treated at 250 °C show an amorphous structure, where the
diffractions observed at 2θ=44.1, 51.4 and 75.6° correspond to (111),
(200) and (220) of 316L SS substrate, respectively. Fig. 6b shows the
Ti2p3/2 and Ti2p1/2 orbitals of the three coatings. The separation be-
tween both orbitals is 5.7 eV, which is representative of TiO2. On the
other hand, the O-1s XPS spectra are shown in Fig. 6c. The deconvo-
luted area showed two components corresponding to TieO and TieOH
bonds. The OH/O ratio reflects the hydration degree, which was larger
in samples C1-250 and C2-250 than C3-250.

Fig. 7a shows the open circuit potential (OCP) curves prior to the
polarization and electrochemical impedance spectroscopy (EIS) tests.

Similar to 316L SS, the OCP values of C1-250 sample were shifted to-
wards the active direction, indicating a tendency to corrode. This may
be due to the infiltration of Ringer's solution through the voids and
cracks of the C1-250 coatings. In contrast, OCP curves of C2-250 and
C3-250 samples were shifted towards the passive direction. The dif-
ference between C2-250 and C3-250 samples can be attributed to the
differences in their contact area. On the other hand, potentiodynamic
polarization curves are shown in Fig. 7b. Parameters such as corrosion
potential (Ecorr), corrosion current density (icorr) and breakdown po-
tential (Eb) are summarized in Table 1. Ecorr values of the coated sam-
ples were lower than 316L SS. However, icorr values noticeably de-
creased by increasing the density of the coatings. Likewise, Eb values
increased from 299 to 1155mV. This suggests a decrease in the cor-
rosion rate with respect to the uncoated 316L SS, this is due to the
existence of a nobler layer under specific adsorption of Cl− ions.
Herein, C3-250 showed the highest value of Eb; in fact, this value is
higher in comparison to those reported for titania coatings produced by
dipping [19,32,33]. In order to determine the improvement of the
corrosion resistance of the steel, polarization resistance (Rp) and cor-
rosion rate (CR) were calculated by Stern-Geary and Faraday equations
(Eqs. (1)–(2)), respectively.

= =R B
i

E
ip

corr E 0 (1)

=CR K i EWcorr
1 (2)

where B is a proportionality constant for a particular corrosion process,
K1=0.1288mpy·g/μAcm, EW is the equivalent weight and ρ is the
density of the substrate. The values of both Rp and CR are also shown in
Table 1. As noted, C2-250 and C3-250 coatings improved 2.9 and 3.4
times the corrosion resistance of the uncoated 316L SS. This proves that
a lower deposition rate and a smaller particle size provide titania
coatings with larger density, which in turn increases the corrosion re-
sistance.

Nyquist plots of the samples carried out in a Ringer's solution are
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shown in Fig. 8. The semicircle formed in the high frequency region is
related to the charge transfer resistance at the electrode/electrolyte
interface. In contrast to bare 316L SS, the samples C2-205 and C3-250
indicate the presence of a mechanically stable and corrosion resistant
layer. In case of the C3-250 sample, the larger semicircle indicates both
a higher compaction degree and a more resistant layer to the penetra-
tion of aggressive ions. The polarization resistance results obtained by
EIS measurements are consistent to those obtained by potentiodynamic
measurements (see Table 1).

The mean hardness values of 316L SS, C1-250, C2-250, and C3-250
were 201, 182, 220 and 235 HV50, respectively. As expected, higher
values of hardness are related to coatings with larger density, which
were produced by the more stable sol-solutions. Thus, there is a clear
correlation between a hardness and corrosion resistance due to the
density of the coatings. According to the adhesion tests, the samples C1-
250 showed a detachment around 50% from the substrate with a co-
hesive strength of 8.97 ± 0.5MPa, while C2-250 and C3-250 remained
intact after the pull-off adhesion tests with an applied stress of up to
9.8MPa, where the Loctite 907 epoxy resin fails. Then the nominal
adhesion strength of the C2-250 and C3-250 coatings is higher than
9.8MPa, whose value is larger than those reported for Mg-substituted
fluorapatite coatings (~4MPa) and are in the range of in the range of
the sol-gel Mg-containing fluoridated hydroxyapatite (> 12MPa)
[34,35].

3.3. In vitro bioactivity tests

Samples C2-250 and C3-250 with promising results in corrosion
resistance and both higher hardness and adhesion were subjected to in
vitro bioactivity tests. However, for the C3-250 samples, the growth of
calcium phosphates was not detected, which revealed that a flat
structure with pores smaller than 30 nm is inadequate for the nuclea-
tion and growth of calcium phosphates. In this way, only the in-vitro
bioactivity of the C2-250 samples will be discussed in this section. The
morphology of the calcium phosphates growing on the surface of the
C2-250 samples is shown in Fig. 9a, which typically consists of a ver-
tical as rug-like structure with pores from 100 to 200 nm [16,36,37].
The infrared spectra shown in Fig. 9b demonstrates the presence of
calcium phosphates from the third day of soaking. These bands became
more intense after 7 days revealing their spreading over the entire
surface of the coatings. Additional bands corresponding to CO32– and
OH– detected after 7 days suggest the growth of the carbonate apatite
[24,38–41]. XRD pattern revealed the presence of hydroxyapatite after
21 days of soaking (Fig. 9c). Fig. 10 shows the roughness as a function
of the soaking time. Clearly, the roughness of both C3-250 and steel is
still invariable after 21 days, while for C2-250 the roughness increases
with the soaking time. Thus, it can be concluded that the nucleation and
growth of hydroxyapatite is strongly dependent on the topography and

pore size, as well as OH present in the structure. In addition, the ad-
hesion strength of the hydroxyapatite layer formed on the C2-250
coating was 2.3 ± 0.2MPa, whose value is smaller than those found
for sol–gel derived nanostructured hydroxyapatite coatings (~4.2MPa)
[42] and other deposition methods [12].
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4. Conclusions

Titania coatings were deposited on 316L SS plates by the spraying
method at different deposition rates with a subsequent treatment at
250 °C for 1 h. It was found that the pore size and porosity depend on
the particle size, as well as deposition rate. C3-250 coatings showed the
best corrosion resistance, hardness, and excellent adhesion strength;
however, they were not bioactive even after 21 days of in-vitro bioac-
tivity tests. In contrast, C2-250 showed the presence of apatite from the
third day of soaking. The high in-vitro bioactivity of the last coatings is
related to the porosity and surface properties exhibited by the coatings.
Thus, hard and corrosion resistant coatings with good bioactive prop-
erties can be achieved by the deposition of a multilayer system con-
sisting of a first dense layer with high corrosion resistance and then a
porous titania layer with high bioactivity for the growth of hydro-
xyapatite.
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