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Corrosion Damage Mechanisms of TiO2 Cold-Sprayed Coatings

Cold spraying as a low-temperature coating deposition method is intended for thermally sensitive materials. Due to its precise
temperature control, it limits the formation of structural defects, and can therefore be easily applied to spray corrosion protective
coatings made from metal or metal-ceramic powders. However, the formation of pure ceramic coatings with the use of cold spraying is still not so common. Titanium dioxide is one of the most interesting ceramics due to its photocatalytic properties. Nevertheless, these types of coating materials usually work in a corrosion favoring humid atmosphere. In the presented paper, amorphous
TiO2 powder was deposited onto aluminum alloys and steel substrates and then submitted to potentiodynamic corrosion tests in
a 3.5 wt.% NaCl solution. The as-sprayed coating showed phase transition from amorphous TiO2 to anatase, and also revealed
porosity. As a result, electrolytes penetrated the coating and caused undercoating corrosion in the tested environment of an aqueous
NaCl solution. The analysis of the potentiodynamic curves showed that the presence of the coating decreased corrosion potential
on both substrates. It arose from the mixed phases of TiO2, which consisted of photocathode – amorphous material and photoanode – crystalline anatase. The phase mixture induced the galvanic corrosion of metallic substrates in the presence of electrolytes.
Moreover, pitting-like corrosion and coating delamination were detected in aluminium alloy and steel samples, respectively. Finally,
the corrosion mechanism of the titanium dioxide coatings was characterized and described.
Keywords: titanium dioxide; cold-sprayed coatings; potentiodynamic polarization tests; aluminum alloys; structural steel

1. Introduction
Titanium dioxide is a promising semiconductor that is frequently used in many applications, e.g. dye-sensitized solar cells
for photovoltaic devices [1,2], self-cleaning and antimicrobial
coatings [3], optical filters that protect from ultraviolet rays from
the sun [4,5], energy storing as a base for anodes in Li-ion batteries [6], electrochromic displays [7], and also humidity [8] and
gas sensors [9]. This metal oxide is widely used as a photocatalyst
in water or air purification systems due to its advanced oxidation
processes and non-toxic and corrosion resistance properties [10],
[11]. Titanium dioxide exhibits three crystalline polymorphs:
brookite, anatase and rutile, which are the only thermodynamically stable forms. Nevertheless, anatase is considered as a better
photocatalyst than rutile, which is due to the bulk transport of
excitons to the surface. In anatase coatings, charge carriers from
deeper in the bulk reach the surface and contribute to reactions,
while in rutile they recombine before reaching the surface [12].
Therefore, anatase has become an interesting candidate as an
n-type photoanode due to its excellent efficiency in generating
electron-hole pairs [13].
1

The preparation of nanostructured ceramic material with a
controlled chemical composition, nanoparticle size distribution
and uniformity requires chemical methods such as sol-gel [14].
This method enables various materials to be prepared with the
highest precision. The combination of sol-gel with one of the liquid
deposition techniques, e.g. dip-, spin- or spray- coating, results in
the deposition of a thin, uniform and dense coating. Nevertheless,
the liquid state of the material requires post-deposition heating,
which usually causes shrinkage of the coating and the formation of defects [15]. There are also other TiO2 coating formation
methods, e.g. spray pyrolysis [16], hydrothermal synthesis [17],
chemical vapor deposition (CVD) [18], pulsed laser deposition
(PLD) [19], atomic layer deposition (ALD) [20], and ion sputtering [21]. However, the methods listed above mainly provide a thin
thickness, and thus proper adhesion of the films and their long-term
stability are difficult to achieve [22]. Thermal spraying methods
enable dense and thick coatings to be created, however, the process
temperature limits their application to thermally stable materials
[23]. The spraying of anatase powder mainly results in the final
coating being transformed to rutile. An interesting option is the cold
spray method, which utilizes working gas with a low temperature.
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Cold spraying is a solid state process that operates with
working gas (usually air, nitrogen or helium), which is accelerated to supersonic velocity by a convergent-divergent de Laval
nozzle. Powder particles are introduced to the nozzle in the vicinity of the nozzle’s throat and gain velocity from the flowing
gas. What is more, preheated gas increases the temperature of
the powder particles and simultaneously increases the plasticity
of the material prior to impact onto the substrate. Consequently,
the coating is formed mostly due to the high kinetic energy of the
particles, in turn limiting the influence of thermal energy [24].
It is worth stressing that cold spraying was designed for plastic
materials, e.g. metals or polymers. Ceramic powder is only used
to increase the density of the coating. This is due to the fact that
it has a tamping effect on metal particles [25]. The latest research
has shown that pure ceramics can be also sprayed, which in turn
form dense and thick coatings [26]. Nevertheless, the selection of
an appropriate powder morphology is crucial. The agglomerates
of submicron or nanosized ceramic powders are able to absorb
impact energy, fracture, and then form dense coatings [27]. However, sintering powders exhibit strong bonds between particles,
thus changing their morphology [28]. Therefore, it was proposed
to use amorphous TiO2 powder synthesized by the sol-gel method
to form a thick coating by cold spraying without any posttreatment [29]. Furthermore, a phase transition of the amorphous
phase into crystalline anatase occurred due to the high kinetic
energy of the spraying process. Nevertheless, structure defects,
e.g. microcracks or micro-porosity, decreasing mechanical
properties, and corrosion resistance were locally found in the
coating [27,29].
Titania is known as a corrosion resistant material. Many
researchers have tested the application of TiO2 coatings against
various corrosive atmospheres, mainly using the following
deposition techniques: the electrochemical anodization process
[30-32], magnetron sputtering [3,33], dip- or spray- coating
[3,10,34], and plasma or HVOF spraying [35-37]. However,
the defects of the coatings usually enabled the penetration of
electrolytes and put the substrate at risk of corrosion. The applications of TiO2 coated materials include moisture-saturated

a)

air, such as corrosive marine [38,39] or tropic [40] climate with
high atmospheric humidity or underwater conditions [41-43].
As a result the electrochemical corrosion can be enhanced by
pollutants, e.g. chlorine [44] or sulfur [45]. Therefore, in this
study, amorphous powder was deposited by low-pressure cold
spraying to form an anatase coating on various substrates, with
the corrosion resistance of the material pair then being assessed.
The aim of the research was to determine the mechanism of the
corrosion destruction of the coating, which is used for application as a photocatalyst.

2. Experimental tests
2.1. Preparation of materials and coatings
Amorphous TiO2 powder was used as a feedstock material
in the cold spraying process. Detailed sol-gel synthesis of the
powder was described in previous work [46]. As-synthesized
powders form large agglomerates up to 70 µm and consist of
small regular and nearly spherical particles with a diameter
of about 600 nm. The general view of amorphous TiO2 powder
is shown in Fig. 1.
The substrate materials were a disk of AA1350 aluminum
alloy and structural steel (grade S235JR) with a diameter and
thickness of 15 mm and 3 mm, respectively. The surface of the
substrates prior to spraying was degreased and sand blasted
under a pressure of 0.6 MPa using alumina powder (mesh 45).
The low-pressure cold spraying was performed using the
DYMET  413 device (Obninsk Center for Powder Spraying,
Obninsk, Russia). A spraying gun with a circular de Laval nozzle
with an outlet diameter of 5 mm and radial powder feeding was
used in the process. A manipulator (BZT Maschinenbau GmbH,
Leopoldshöhe, Germany) moved the gun with a traverse speed
of 5 mm/s along parallel lines with 2 mm intervals. The stand-oﬀ
distance was established to 10 mm. Air with pressure of 0.5 MPa,
which was preheated to 600°C, was used as the working gas. An
aerosol powder feeder (RBG 100D, Palas, Karlsruhe, Germany)

b)

Fig. 1. Amorphous TiO2 powder produced by the sol-gel method: a) agglomerates and b) submicron particles, SEM
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Table 1
Chemical composition of the investigated materials
Chemical composition wt%
Alloy

AA 1350
(PN-EN 573-3:2010)
S235JR
PN-EN 10025-1:2007

Al min

Si max

Fe max

Cu max

Mn max

Cr max

Zn max

99.5

0.1

0.40

0.05

0.01

0.01

0.05

Fe

C max

P max

S max

N max

bal

0.2

0.045

0.045

0.009

enabled a precise powder feeding of 0.34 g/min. Nitrogen (Nitrogen 4.0, Linde gas) under the pressure of 0.1 MPa worked as
the powder transporting gas.

2.2. Characterization of the coatings
Before and after the corrosion tests, the samples underwent
surface and cross-section analysis using Scanning Electron Microscopy (SEM) (Phenom X-Pro Scanning Electron Microscope,
Thermo Fisher Scientific, Eindhoven, the Netherlands) equipped
with SE, BSE  detectors and the EDS  system for elemental
analysis. The specimens for metallographic assessment were
prepared by cutting the sample in the middle of its length. The
cross-sections were then mounted in epoxy resin, grounded with
sand-paper and polished with diamond suspension.
X-ray diffraction analyses were performed on the feedstock
powder, as well as on cold sprayed coatings to identify the phases
present on their surface. XRD measurements were carried out
using the Rigaku Ultima IV Diffractometer with Cu Ka irradiation (k = 1.5406 A°) within the range from 10° to 60° in 0.02°
steps with an exposure time of 4 s per point.
The electrochemical properties of the coatings and the uncovered substrates were investigated with the use of an ATLAS 
0531 electrochemical unit (ATLAS-SOLLICH, Rębiechowo,
Poland) by conducting anodic polarization measurements follow-

a)

V+Ti max

Other
Ga max

B max

0.02

0.03

0.05

ing the PN EN ISO 17475:2008U standard,. The electrochemical
cell included a three-electrode system with an austenitic steel
electrode and a silver/silver chloride (Ag/AgCl) electrode, which
were used as auxiliary and reference electrodes, respectively. The
third electrode was a specimen with a ﬂat surface of 78.5 mm2.
Prior to the measurements, the samples were exposed to open
circuit potential stabilization in a solution of 3.5 wt.% NaCl and
at a temperature of 20°C. The open corrosion potential (EOCP)
of the coated samples was measured to define the range of experimental potentials in the electrochemical experiments. The
potential was scanned from 0.2 V below the resulting potential
(E0), and then increased to a potential of 1 V at a scanning rate
of 1 mV/s. In order to estimate the values of the corrosion rate
(Icorr) and corrosion potential (Ecorr), Tafel experiments were
carried out on the cold sprayed coatings. For comparison, curves
of the technical aluminum alloy and steel substrate were also
measured under the same conditions.

3. Results and discussion
3.1. Microstructural features of the coatings
The deposited TiO2 coatings had a continuous and uniform
surface (Fig. 2a and 3a). Nevertheless, the coating sprayed on
the aluminum alloy substrate showed a more developed surface

b)

Fig. 2. Images of the TiO2 coating deposited onto the aluminum substrate in macroscale (stereoscopic microscope) (a) and microscale (SEM, BSE) (b)
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a)

b)

Fig. 3. Images of the TiO2 coating deposited onto the steel substrate in macroscale (stereoscopic microscope) (a) and microscale (SEM, BSE) (b)

topography, in turn resulting in a higher roughness (TABLE 2).
AA1350 alloy consists mostly of aluminum (99.6 wt.%), and is
thus characterized by small hardness. Therefore, sand-blasting
provided an increased roughness when compared to the structural steel. As a result, a higher deposition efficiency and surface
development of the coating was achieved. It is worth stressing
that the micro-porosity of the surface of the coatings was observed in the SEM images (Fig. 2a and 3b), which was due to
the weakly bonded TiO2 particles in the surface region. There
were no incoming particles to densify the coatings. Furthermore,
the coatings were deposited with amorphous TiO2 powder, and
according to XRD patterns, anatase was formed in the coatings
(Fig. 4). Despite the low process temperature, phase transition
into crystalline anatase was still initiated, which resulted from
the high kinetic energy of the cold spray process [24,29].
Table 2

Fig. 4. XRD patterns of the TiO2 powder after sol-gel synthesis, and
the coatings deposited using the LPCS method

Roughness measurements of the TiO2 coatings
Material

Ra [µm]

S235JR – SB
S235JR – AS 
Al – SB
Al – AS 

4.74
6.88
6.45
8.54

where: SB – sand-blasted substrate surface
AS – as-sprayed coating surface

3.2. Electrochemical properties of the coatings
The results of the potentiodynamic corrosion test in 3.5 wt%
NaCl solution are presented in Fig. 5 and 6, while electrochemical parameters are collected in TABLE  3. The samples with
deposited TiO2 coatings on both substrate materials showed
a shift of corrosion potential of about 150 mV to a more negative
direction. The analysis of the potentiodynamic curve showed that
the aluminum alloy in the sodium chloride solution did not pas-

sivate, but instead started to oxidize. The presence of the coating
increased the corrosion current density (Icorr) when compared to
the substrate, and also decreased its corrosion potential (Ecorr).
The corrosion potential determines the susceptibility of a material to corrode, while the corrosion current density defines its
corrosion rate. Nevertheless, the presence of the coating clearly
inhibits anodic processes, which can be seen by the fact that
the curve is flat in the diagram. In the case of the steel, both the
samples (with and without the coating) showed a similar curve
shape (see Fig. 6). However, the samples with the deposited
coating revealed a lower corrosion potential. Wang et al. [47]
sprayed titanium coating onto chromium steel and also obtained
a greater electronegative corrosion potential of the sample when
compared to non-coated steel. On the other hand, the authors of
work [47] increased corrosion resistance by polishing the surface
of the coating. Nevertheless, in the case of ceramic coating applied to corrosion protection, the subject is more complicated.
In semiconductor photoelectrochemical cathodic protection, the
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Fig. 5. Polarisation behaviour of the aluminum alloy substrate and the
deposited TiO2 coating

Fig. 6. Polarization behavior of the steel substrate and the deposited
TiO2 coating

conduction band (CB) potential of the semiconductor must be
more negative than the self-corrosion potential of the protected
metal. As a result, electrons will be provided to the protected
metal. The metal can then be oxidized by the oxidizing species,
causing the metal corrosion to be replaced. When the electron
transfer rate to the metal is properly high, the electrons will
polarize the potential of the metal to a more negative region
[48]. Kumari et al. [49] showed that the corrosion potential of
HA-TiO2 (1:1 wt%) shifted towards the active direction when
compared to Ti6Al4V substrate during tests in Hang’s solution.
This was due to the porosity and induced galvanic corrosion by
partially amorphous HA and TiO2 particles in the coating. What is
more, Kumari et al. [49] observed a decrease in the corrosion rate
and an increase in the pitting potential after heat treatment of the
coating, which was possibly due to (a) the amorphous to crystalline phase transformation, (b) microstructural homogenization,
and (c) the reduction in porosity. TiO2 in the form of anatase has
been known to be an efficient photoanode [50]. Nevertheless, the
latest research has shown the potential of amorphous TiO2 to be
a photocathode in photoelectrochemical cells [51]. In this case,
coatings deposited from amorphous TiO2 powder, and which
contain a mixture of amorphous powder and crystalline anatase,
will induce the galvanic corrosion of metal substrate in the presence of electrolytes. This is the main reason why the corrosion
potential shifted towards negative values. Song et al. [52] plasma
sprayed Al2O3-TiO2 with low current density (6.3×10–8 A/cm2)
in the passive region, low corrosion potential (–0.55 V) and no
pitting corrosion, and thus concluded that corrosion resistance
can be enhanced by low porosity and smooth surface roughness.
What is more, Bakhsheshi-Rad et al. [53] sprayed TiO2 by high
velocity oxygen fuel (HVOF) and obtained Ecorr of –0.74 V
and –0.58 V for the coated to uncoated samples, respectively.
The decrease of corrosion potential was related to the porosity
and microcracks, which provided penetration locations for the
electrolyte to the substrate.
In the tested environment of the aqueous NaCl solution, the
coatings showed anodic behavior with regards to both substrate
materials. A typical feature of anodic coating is the presence of
a large anodic surface. Therefore, TiO2 coatings with internal
porosity should protect aluminum alloy or steel substrate, with

both having cathodic behavior. In an anodic-cathodic system,
an active material (an anode) corrodes with a higher corrosion
rate, while a noble material (a cathode) is protected. In the case
of the applied metal coating, in such a system the coating would
corrode. Nevertheless, in the performed tests, the coating was
made of TiO2 that was resistant to corrosion, but due to the porosity, an undercoating corrosion occurred. What is more, the
presence of porosity and microcracks prevented the generation
of a passive layer of the substrate. Bakhsheshi-Rad et al. [53]
concluded that the concentration of the dissolved oxygen in the
microcracks is low, while the concentration of Cl– ions dominate, in turn causing the change of the surrounding metal from
a passive to active state during potentiodynamic tests of HVOF
TiO2 coating in 3.5 wt.% NaCl solution.
Table 3
Electrochemical parameters obtained for the substrates and coatings

Steel substrate
Steel + coating
Aluminum alloy substrate
Aluminum alloy + coating

EOCP [V]

Ecorr [V]

Icorr [µA/cm2]

–0.54
–0.66
–0.75
–0.76

–0.58
–0.74
–0.74
–0.78

5.63
23.4
2.89
64.6

3.3. Corrosive features of the coatings
The surface of the coatings after the corrosion tests is presented in Fig. 7-9. A general feature of the coatings deposited
onto the aluminum alloy and steel substrates is presented in
Fig. 7. As a result of undercoating corrosion, a loss of adhesion,
followed by delamination, occurred. Furthermore, the course
of the electrochemical processes depended on the substrate
material.
The aluminum alloy in the presence of the TiO2 coating
degraded by forming an aluminum oxide layer (see Fig. 8a).
In fact, a pitting-like corrosion morphology was detected, mainly
at the pre-existing porosities. The porosity of the coatings was
responsible for the penetration of the corrosion solution by capillary forces to the interfacial boundary of the substrate and the
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coating material. As a result, corrosion microcells were initiated.
What is more, microscopic analysis of the corrosive changes
showed features of a crystallographic attack (Fig. 8b), which
is connected with privileged paths that enable propagation of
corrosion along the {100} plane and crystallographic direction
of <100> [54-58].
The corrosion tests of the TiO2 coatings deposited on the
steel substrate showed similar results. The corrosion behavior
was nonuniform (see Fig. 9). An electrolyte penetrated the coating due to the presence of material discontinuities, in turn causing oxidation of the steel. The increasing volume of corrosion
products generates tensile stresses at the interfacial boundary
between the substrate and the coating, finally resulting in coating
delamination. As a result, the solubilization of the steel substrate
proceeded and revealed a material structure with ferrite and
pearlite grains boundaries. A detailed analysis confirmed that the

a)

corrosion was initiated in the ferrite region (see Fig. 10b), which
arose from the cathodic behavior of the pearlite’s cementite.
The corrosion products formed in a ring shape on the steel
surface, which suggests that local corrosion was initiated by a cell
of heterogeneous aeration (see Fig. 9b). This specific cell forms
when Fe2+ ions migrating from regions with a lower oxygen
concentration meet hydroxide ions migrating from the cathodic
region. Furthermore, local filiform corrosion was also noticed,
confirming the presence of oxygen cells (Fig. 10a).
Figs 11 to 13 show the cross-sectional morphologies of the
coatings after electrochemical examination. Aluminum alloy
corrosion was initiated as a result of the penetration of the corrosive solution and oxygen through porous material under the
action of capillary forces. Moreover, the corrosion products that
are formed on the aluminum surface, as a result of ion diffusion,
moved in the area of the fracture, which led to its mechanical

b)

Fig. 7. SEM micrographs of corrosion changes (SEM) on the surface of the TiO2 coating deposited onto the aluminum alloy (a) and steel (b)
substrate after the potentiodynamic tests

a)

b)

Fig. 8. SEM micrographs of corrosion products of the aluminum alloy (a) and crystallographic attack of the substrate (b) noticed by SEM on the
surface of the TiO2 coating
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a)

b)

Fig. 9. SEM micrographs of corrosion changes (a) and ring-shaped corrosion products (b) at the surface of the steel substrate uncovered by the
detached coating

a)

b)

Fig. 10. SEM micrographs of corrosion changes on the surface of the steel substrate after detachment of the TiO2 coating. Presence of filiform
corrosion (a) and corrosion initiation in the region of ferrite (b)

widening (the so-called wedge effect). This allows for further
penetration of the corrosive solution. Therefore, EDS analysis
indicated the presence of aluminum inside the coating.
In the case of the steel samples, the corrosion was penetrating the substrate material (Fig. 13). Substrate preparation prior
to spraying with the use of abrasive blasting [59] and the Cold
Spray process (as a result of hard particle impacts) [60] causes
the cold-work hardening of the substrate in its near-surface area.
As a result, the material was weakened and locally active places
that initiated corrosion were generated [61]. Furthermore, the
formation of corrosion products lifted some parts of the substrate
material, which was also visible at the surface of the sample
(See Fig. 9a).
A typical route to increase the resistance to corrosion of
metal cold sprayed coatings is to decrease the porosity and to

increase the thickness of the coating [62]. This can be done by
increasing the process parameters in order to achieve a higher
strain rate [63], or by mixing ceramic and metal powders to produce a composite coating [60]. Ceramics will act as a hammer, in
turn providing a tamping effect and increasing the hardening of
metal particles [25,62]. As a result, porosity will be decreased.
Other approaches are based on post-spraying heat-treatment of
the coating. The annealing will cause recrystallization and grain
growth, resulting in the minimizing of porosity [64,65]. However, the first solution, which involves the spraying of just the
ceramic, will not work. This is due to the fact that the mechanism
of forming the coating of ceramic and metallic particles is different. In turn, the second solution, which includes the sintering
of the ceramic particles, should be successful. Yabuki et al. [66]
proposed application of TiO2 particle – polymer composite coat-
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a)

b)

Fig. 11. SEM cross-section images of the TiO2 coating deposited onto the aluminum alloy substrate after the potentiodynamic tests

a)

b)

Fig. 12. SEM cross-section image (a) and EDS analysis (b) of the TiO2 coating deposited onto the aluminum alloy with visible penetration of
corrosion products

ings to protect surface of 5083 aluminum alloy. Authors noticed
that coating showed self-healing properties as the polarization
resistance of the samples increased significantly over time. The
corrosion resistance was related to dissolution of polymer –
bisphenol A in the presence of TiO2 particles, which formed a
thin film on the surface of aluminum alloy substrate. Naghibi et
al. [67] applied design of experiment to analyze the dip-coating
process parameters and increased anticorrosion performance of
316L stainless steel by depositing optimized TiO2 films. Significant increase of corrosion resistance due to TiO2 Nanoparticle/
Trimethoxy(propyl)silane ceramic composite coating deposited
by electrophoretic deposition method on 316L stainless steel
was also observed by Emarati et al. [68]. It was achieved by the

water-repellent protective composite coatings, which prevent the
penetration of corrosive agent to the metal substrate.
It is worth emphasizing that the obtained anatase (due to
spraying) is sensitive to elevated temperatures. The heat treatment process performed at a temperature of 600°C could initiate
phase transition into rutile, which is photovoltaically less active
[69]. It should be emphasized that TiO2 coatings deposited by
LPCS are intended for photocatalysis, and thus the obtaining of
anatase was crucial. Nevertheless, the structure and properties
of coating or substrate material can changed due to working
conditions [70,71]. Therefore, new research is needed to find
an appropriate process of sintering ceramic particles with the
use of light-waves instead of a heat source.
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a)

b)

Fig. 13. SEM cross-section images of the TiO2 coating deposited onto the steel substrate after the potentiodynamic tests. Arrows point to the
detachment of the substrate’s outer region due to corrosion in the cold worked region

4. Summary
In the presented study, TiO2 amorphous sol-gel powder
was deposited by low-pressure cold spraying onto aluminum
alloy and steel substrates. The coatings showed a non-uniform
structure that had submicron TiO2 particles mixed with regular
crystals of formed anatase. Moreover, porosity was noticed in
the surface and inside the coating.
Cold spraying is intended for the deposition of metallic
coatings that are applied in corrosive environments. Nevertheless, the presence of porosity in the regions of unbonded fine
ceramic particles favor electrolyte penetration. The performed
potentiodynamic tests confirmed the anodic behavior of the
TiO2 coatings with regards to both substrate materials in the
tested environment of an aqueous NaCl solution. The corrosion
potential decreased from –0.58 V to –0.74 V, while corrosion
current density increased from 5.63 µA/cm2 to 23.4 µA/cm2
for uncoated and coated steel samples, respectively. In the
case of aluminum alloy the corrosion potential was similar for
both samples, however corrosion current density increased significantly from 2.89 µA/cm2 to 64.6 µA/cm2 for uncoated and
coated samples, respectively. The corrosion solution penetrated
the coating to the interfacial boundary between the coating and
the substrate through coating crevices by the action of capillary
forces. As a result, a corrosion cell was initiated in the substrate
surface, in turn causing undercoating corrosion. The final course
of the electrochemical processes depended on the material of the
substrate. However, further work is needed to find an appropriate
method of compressing ceramic coatings in low temperatures
in order to avoid the phase transition of anatase. As discussed
earlier, maintaining this phase is crucial with regards to photocatalytic properties.
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