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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 spray-
ing is still not so common. Titanium dioxide is one of the most interesting ceramics due to its photocatalytic properties. neverthe-
less, 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 photoan-
ode – 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.
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1. introduction

Titanium dioxide is a promising semiconductor that is fre-
quently 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 bat-
teries [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 thermodynami-
cally 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].

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 forma-
tion 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 sputter-
ing [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 acceler-
ated to supersonic velocity by a convergent-divergent de Laval 
nozzle. Powder particles are introduced to the nozzle in the vi-
cinity 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]. how-
ever, 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 post-
treatment [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 ap-
plications of Tio2 coated materials include moisture-saturated 

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 applica-
tion 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)	

a) b)

Fig. 1. amorphous Tio2	powder	produced	by	the	sol-gel	method:	a)	agglomerates	and	b)	submicron	particles,	sem
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enabled a precise powder feeding of 0.34 g/min. nitrogen (ni-
trogen 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	mi-
croscopy	(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	irradia-
tion (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 un-
covered	substrates	were	investigated	with	the	use	of	an	atlas	
0531	 electrochemical	 unit	 (atlas-sollich,	rębiechowo,	
Poland) by conducting anodic polarization measurements follow-

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 ex-
perimental 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 

taBle	1

chemical composition of the investigated materials 

alloy
Chemical composition wt%

al min si max fe max Cu max mn max Cr max Zn max
other

V+Ti max ga max B max
aa 1350

(pn-en	573-3:2010) 99.5 0.1 0.40 0.05 0.01 0.01 0.05 0.02 0.03 0.05

fe C max p max s max n max
s235Jr

pn-en	10025-1:2007 bal 0.2 0.045 0.045 0.009

a) 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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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 struc-
tural 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 ob-
served	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

Roughness measurements of the Tio2 coatings

material ra [µm]
s235Jr	–	sB 4.74
s235Jr	–	as	 6.88
al	–	sB 6.45
al	–	as	 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 electrochemi-
cal	 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 mate-
rial 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 ap-
plied to corrosion protection, the subject is more complicated. 
in semiconductor photoelectrochemical cathodic protection, the 

a) b)

Fig. 3. images of the Tio2	coating	deposited	onto	the	steel	substrate	in	macroscale	(stereoscopic	microscope)	(a)	and	microscale	(sem,	Bse)	(b)

fig.	4.	Xrd	patterns	of	the	tio2 powder after sol-gel synthesis, and 
the	coatings	deposited	using	the	lpcs	method
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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 crystal-
line 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 pres-
ence 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 po-
rosity, 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 domi-
nate, 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

EOCP [V] Ecorr [V] Icorr [µa/cm2]
steel	substrate –0.54 –0.58 5.63
steel	+	coating –0.66 –0.74 23.4

aluminum alloy substrate –0.75 –0.74 2.89
aluminum	alloy	+	coating –0.76 –0.78 64.6

3.3. Corrosive features of the coatings

The surface of the coatings after the corrosion tests is pre-
sented 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 capil-
lary forces to the interfacial boundary of the substrate and the 

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

https://www.sciencedirect.com/topics/engineering/conduction-band
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a) 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

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 coat-
ing due to the presence of material discontinuities, in turn caus-
ing 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 

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 cor-
rosive 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 
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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 penetrat-
ing	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 pro-
duce 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]. how-
ever, 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 dif-
ferent. 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-

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)
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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.	signifi-
cant 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 treat-
ment 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.

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 
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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. neverthe-
less, 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 sig-
nificantly 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 photo-
catalytic properties.

acknowledgment 

this	 research	was	 funded	by	polish	national	science	centre	 under	 the	
contract	no.	2016/23/d/st8/00675	(project	title:	the	mechanism	of	joining	
submicron ceramic particles in cold spraying process). 

references

[1]	 y.-m.	sung,	h.-J.	kim,	thin	solid	films	515, 4996-4999 (2007). 
Doi: https://doi.org/10.1016/j.tsf.2006.10.079

[2]	 k.m.p.	Bandaranayake,	m.k.	 indika	senevirathna,	 p.m.g.m.	
Prasad weligamuwa, k. Tennakone, coordin. chem. Rev. 248, 
1277-1281 (2004). Doi: https://doi.org/10.1016/j.ccr.2004.03.024

[3]	 p.	navabpour,	s.	ostovarpour,	c.	tattershall,	k.	cooke,	p.	kelly,	
J.	verran,	k.	Whitehead,	c.	hill,	m.	raulio,	o.	priha,	coatings.	
4, 433-449 (2014). Doi: https://doi.org/10.3390/coatings4030433

[4]	 h.s.	song,	y.J.	yoo,	g.J.	lee,	k.s.	chang,	y.m.	song,	J.	nano-
mater. 2017, e2738015 (2017). 

 Doi: https://doi.org/10.1155/2017/2738015
[5]	 d.s.	hinczewski,	m.	hinczewski,	f.z.	tepehan,	g.g.	tepehan,	

sol.	energ.	mat.	sol.	c.	87, 181-196 (2005). 
 Doi: https://doi.org/10.1016/j.solmat.2004.07.022
[6]	 y.	liu,	y.	yang,	J.	nanomater.	2016, e8123652 (2016). 
 Doi: https://doi.org/10.1155/2016/8123652
[7]	 n.	akkurt,	 s.	 pat,	r.	mohammadigharehbagh,	m.	Özgür,	U.	

demirkol,	a.	olkun,	Ş.	korkmaz,	J.	mater.	sci:	mater.	electron.	
31, 9568-9578 (2020). 

 Doi: https://doi.org/10.1007/s10854-020-03499-0
[8]	 W.-p.	tai,	J.-h.	oh,	sensor.	actuat.	B:	chem.	85, 154-157 (2002). 

doi:	https://doi.org/10.1016/s0925-4005(02)00074-6
[9]	 B.	karunagaran,	 p.	Uthirakumar,	 s.J.	 chung,	 s.	velumani,	

e.-k.	suh,	mater.	charact.	58, 680-684 (2007). 
 Doi: https://doi.org/10.1016/j.matchar.2006.11.007

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



984

[10]	 a.	shanaghi,	a.r.	sabour,	t.	shahrabi,	m.	aliofkhazraee,	prot.	
met.	phys.	chem.	surf.	45, 305-311 (2009). 

	 doi:	https://doi.org/10.1134/s2070205109030071
[11]	 s.	malato,	 p.	 fernández-ibáñez,	m.i.	maldonado,	 J.	Blanco,	

W.	gernjak,	catal.	today.	147, 1-59 (2009). 
 Doi: https://doi.org/10.1016/j.cattod.2009.06.018
[12]	 t.	luttrell,	s.	halpegamage,	J.	tao,	a.	kramer,	e.	sutter,	m.	Batz-

ill,	sci.	rep.	4, 4043 (2014). 
 Doi: https://doi.org/10.1038/srep04043
[13]	 k.	hashimoto,	h.	irie,	a.	fujishima,	Jpn.	J.	appl.	phys.	44, 8269 

(2005).	doi:	https://doi.org/10.1143/JJap.44.8269
[14]	 l.	huang,	J.	Xu,	X.	sun,	c.	li,	r.	Xu,	y.	du,	J.	ni,	h.	cai,	J.	li,	

z.	hu,	J.	zhang,	J.	alloy.	compd.	735, 224-233 (2018). 
 Doi: https://doi.org/10.1016/j.jallcom.2017.11.027
[15]	 n.	vodišek,	a.	Šuligoj,	d.	korte,	U.	lavrenčič	Štangar,	materials	

11, 1945 (2018). Doi: https://doi.org/10.3390/ma11101945
[16]	 y.	doubi,	B.	hartiti,	l.	hicham,	s.	fadili,	a.	Batan,	m.	tahri,	

a. Belfhaili, P. Thevnin, Mater. Today: Proc. 30, 823-827, (2020). 
Doi: https://doi.org/10.1016/j.matpr.2020.04.186

[17]	 z.g.	Wu,	z.m.	ren,	l.	li,	l.	lv,	z.	chen,	sep.	purif.	technol.	
251, 117328 (2020). 

 Doi: https://doi.org/10.1016/j.seppur.2020.117328
[18]	 h.	nagasawa,	J.	Xu,	m.	kanezashi,	t.	tsuru,	mater.	lett.	228, 

 479-481 (2018). 
 Doi: https://doi.org/10.1016/j.matlet.2018.06.053
[19]	 f.s.	al	mashary,	J.f.	felix,	s.o.	ferreira,	d.	de	souza,	y.g.	go-

bato,	J.	chauhan,	n.	alexeeva,	m.	henini,	a.m.	albadri,	a.y.	aly-
amani,	mater.	sci.	eng:	B.	259, 114578 (2020). 

 Doi: https://doi.org/10.1016/j.mseb.2020.114578
[20]	 i.	 Jelovica	 Badovinac,	 r.	 peter,	a.	 omerzu,	 k.	 salamon,	

i.	Šarić,	a.	samaržija,	m.	perčić,	i.	kavre	piltaver,	g.	ambrožić,	
m.	petravić,	thin	solid	films	709, 138215 (2020). 

 Doi: https://doi.org/10.1016/j.tsf.2020.138215
[21] a.M. aL-Baradi, Results Phys. 17, 103109 (2020). Doi: doi.

org/10.1016/j.rinp.2020.103109
[22]	 n.	vodišek,	a.	Šuligoj,	d.	korte,	U.	lavrenčič	Štangar,	materials	

11, 1945 (2018). 
 Doi: https://doi.org/10.3390/ma11101945
[23]	 m.	gardon,	J.m.	guilemany,	J.	therm.	spray	techn.	23, 577–595 

(2014). Doi: https://doi.org/10.1007/s11666-014-0066-5
[24]	 t.	 schmidt,	h.	assadi,	 f.	gärtner,	h.	richter,	t.	 stoltenhoff,	

h.	kreye,	t.	klassen,	 J.	therm.	spray	techn.	18, 794 (2009). 
Doi: https://doi.org/10.1007/s11666-009-9357-7

[25] h. koivuluoto, a. coleman, k. Murray, M. kearns, P. Vuoristo, 
J.	therm.	spray	techn.	21, 1065-1075 (2012). 

 Doi: https://doi.org/10.1007/s11666-012-9790-x
[26]	 a.r.	toibah,	m.	sato,	m.	yamada,	m.	fukumoto,	mater.	manuf.	

Process. 31, 1527-1534 (2016). 
 Doi: https://doi.org/10.1080/10426914.2015.1090587
[27]	 m.	Winnicki,	a.	Baszczuk,	m.	Jasiorski,	B.	Borak,	a.	małachowska,	

surf.	coat.	technol.	371, 194-202 (2019). 
 Doi: https://doi.org/10.1016/j.surfcoat.2018.09.057
[28]	 t.a.	rahim,	k.	takahashi,	m.	yamada,	m.	fukumoto,	mater.	

Trans. 57, 1345-1350 (2016). 
 Doi: https://doi.org/10.2320/matertrans.T-M2016817

[29]	 a.	Baszczuk,	m.	Jasiorski,	m.	Winnicki,	J.	therm.	spray	techn.	
27, 1551-1562 (2018). 

 Doi: https://doi.org/10.1007/s11666-018-0769-0
[30]	 r.	hazan,	s.	sreekantan,	r.B.s.m.n.	mydin,	aip	conference	

Proceedings 2068, 020013 (2019). 
 Doi: https://doi.org/10.1063/1.5089312
[31]	 c.	liu,	y.	Wang,	m.	Wang,	W.	huang,	p.k.	chu,	surf.	coat.	

Technol. 206, 63-67 (2011). 
 Doi: https://doi.org/10.1016/j.surfcoat.2011.06.038
[32]	 m.v.	diamanti,	f.	Bolzoni,	m.	ormellese,	e.a.	pérez-rosales,	

m.p.	pedeferri,	sci.	technol.	45, 428-434 (2010). 
	 doi:	https://doi.org/10.1179/147842208X373191
[33]	 J.	liu,	y.	lou,	c.	zhang,	s.	yin,	h.	li,	d.	sun,	X.	sun,	rsc	adv.	

7, 43938-43949 (2017). 
	 doi:	https://doi.org/10.1039/c7ra06960J
[34]	 m.	morozova,	p.	kluson,	J.	krysa,	m.	vesely,	p.	dzik,	o.	solcova,	

procedia	engineer.	42, 573-580 (2012). 
 Doi: https://doi.org/10.1016/j.proeng.2012.07.450
[35]	 y.-s.	song,	i.-g.	lee,	s.n.	hong,	B.-y.	kim,	k.h.	lee,	d.y.	lee,	

J.	mater.	sci.	41, 2059-2065 (2006). 
 Doi: https://doi.org/10.1007/s10853-006-4506-6
[36]	 t.p.s.	sarao,	h.s.	sidhu,	h.	singh,	metall.	mater.	trans	a.	43, 

4365-4376 (2012). 
 Doi: https://doi.org/10.1007/s11661-012-1175-8
[37]	 f.-l.	toma,	c.c.	stahr,	l.-m.	Berger,	s.	saaro,	m.	herrmann,	

d.	deska,	g.	michael,	J.	therm.	spray	techn.	19, 137-147 (2010). 
Doi: https://doi.org/10.1007/s11666-009-9422-2

[38]	 o.	sengul,	m.	kam,	int.	J.	anal.	exp.	finite	elem.	anal.	7, 91-100 
(2020). Doi: https://doi.org/10.26706/ijaefea.4.7.20200807

[39]	 a.	Świerczyńska,	J.	łabanowski,	J.	michalska,	d.	fydrych,	mater.	
corros. 68 (10), 1037-1045 (2017). 

 Doi: https://doi.org/10.1002/maco.201709418
[40]	 t.	zhang,	X.	Xu,	y.	li,	X.	lv,	constr.	Build.	mater.	277, 122298, 

(2021). Doi: https://doi.org/10.1016/j.conbuildmat.2021.122298
[41]	 s.	kato,	k.	hattori,	y.	tanaka,	y.	miyazaki,	g.	ishii,	s.	koura,	

n. negishi, ceram. int. 46 (11), 19285-19292 (2020). 
 Doi: https://doi.org/10.1016/j.ceramint.2020.04.268
[42]	 o.i.	kalu,	B.	subramanian,	B.J.	maclean,	g.c.	saha,	materialia	5, 

100237 (2019). Doi: https://doi.org/10.1016/j.mtla.2019.100237
[43]	 s.	chang,	X.	yang,	y.	 sang,	h.	liu,	chem-asian	 J.	11 (17), 

 2352-2371 (2016). Doi: https://doi.org/10.1002/asia.201600363
[44]	 r.	yamanoglu,	e.	fazakas,	f.	ahnia,	d.	alontseva,	f.	khoshnaw,	

adv.	mater.	sci.	21, 5-15 (2021). 
 Doi: https://doi.org/10.2478/adms-2021-0007
[45]	 h.m.a.	el-lateef,	m.m.	khalaf,	J.	mol.	liq.	331, 115797 (2021). 

Doi: https://doi.org/10.1016/j.molliq.2021.115797
[46]	 a.	Baszczuk,	m.	Jasiorski,	B.	Borak,	J.	Wódka,	mater.	sci.-poland.	

34, 691-702 (2016). Doi: https://doi.org/10.1515/msp-2016-0094
[47]	 h.	Wang,	B.	hou,	J.	Wang,	Q.	Wang,	W.	li,	J.	therm.	spray	techn.	

17, 736-741 (2008). 
 Doi: https://doi.org/10.1007/s11666-008-9256-3
[48]	 y.	Bu,	J.-p.	ao,	green	energy	&	envir.	2, 331-362 (2017). 
 Doi: https://doi.org/10.1016/j.gee.2017.02.003
[49]	 r.	kumari,	J.d.	majumdar,	appl.	surf.	sci.	420, 935-943 (2017). 

Doi: https://doi.org/10.1016/j.apsusc.2017.05.208

https://doi.org/10.1016/j.ceramint.2020.04.268
https://doi.org/10.1016/j.mtla.2019.100237
https://doi.org/10.1002/asia.201600363
https://doi.org/10.2478/adms-2021-0007
https://doi.org/10.1016/j.molliq.2021.115797
https://doi.org/10.1007/s11666-008-9256-3


985

[50]	 n.	Jamalullail,	i.s.	mohamad,	m.n.	norizan,	n.	mahmed,	sol.	
st.	phen.	273, 146-153 (2018). 

 Doi: https://doi.org/10.4028/www.scientific.net/ssp.273.146
[51]	 c.c.	mercado,	m.e.l.	lubrin,	h.a.J.	hernandez,	r.a.	carubio,	

int.	J.	photoenergy	2019, 848740, (2019). 
 Doi: https://doi.org/10.1155/2019/9848740
[52]	 y.-s.	song,	i.-g.	lee,	s.n.	hong,	B.-y.	kim,	k.h.	lee,	d.y.	lee,	

J.	mater.	sci.	41, 2059-2065 (2006). 
 Doi: https://doi.org/10.1007/s10853-006-4506-6
[53]	 h.r.	Bakhsheshi-rad,	m.	daroonparvar,	m.a.m.	yajid,	p.	ku-

mar,	m.	razzaghi,	a.f.	ismail,	s.	sharif,	f.	Berto,	J.	mater,	eng.	
Perform. 30, 1356-1370, (2021). 

 Doi: https://doi.org/10.1007/s11665-020-05333-4
[54] g.m.	Treacy,	 c.B.	 Breslin,	 electrochim.	acta	 43 (12-13), 

 1715-1720 (1998). 
	 doi:	https://doi.org/10.1016/s0013-4686(97)00305-8
[55]	 J.h.	 seo,	 J.h.	ryu,	d.n.	lee,	 J.	 electrochem.	 soc.	150 (9), 

 B433-B438 (2003). 
 Doi: https://doi.org/10.1149/1.1596952
[56]	 e.v.	koroleva,	g.e.	thompson,	p.	skeldon,	B.	noble,	p.	roy,	 

soc.	463, 1729-1748 (2007). 
 Doi: https://doi.org/10.1098/rspa.2007.1846
[57]	 U.	donatus,	g.e.	thompson,	 J.a.	omotoyinbo,	k.k.	alane- 

me,	s.	aribo,	o.g.	agbabiaka,	t.	nonferr,	metal.	soc.	27 (1), 
 55-62 (2017). 

	 doi:	https://doi.org/10.1016/s1003-6326(17)60006-2
[58]	 X.	zhang,	X.	zhou,	t.	hashimoto,	B.	liu,	mater.	charact.	(130),	

230-236 (2017). 
 Doi: https://doi.org/10.1016/j.matchar.2017.06.022
[59]	 h.	Begg,	m.	riley,	h.	de	villiers	lovelock,	J.	therm.	spray	techn.	

25, 12-20 (2016). 
 Doi: https://doi.org/10.1007/s11666-015-0324-1

[60]	 a.	sabard,	p.	mcnutt,	h.	Begg,	t.	hussain,	surf.	coat.	technol.	
385, 125367 (2020). 

 Doi: https://doi.org/10.1016/j.surfcoat.2020.125367
[61]	 m.	rutkowska-gorczyca,	m.	podrez-radziszewska,	J.	kajtoch,	

metall.	foundry	engineer.	35, 35-43 (2009). 
 Doi: https://doi.org/10.7494/mafe.2009.35.1.35
[62]	 a.	srikanth,	v.	Bolleddu,	aust.	 J.	mech.	engineer.	2020, 1-22 

(2020). Doi: https://doi.org/10.1080/14484846.2020.1794504
[63]	 k.	Balani,	t.	laha,	a.	agarwal,	J.	karthikeyan,	n.	munroe,	surf.	

coat. Technol. 195, 272-279 (2005). 
 Doi: https://doi.org/10.1016/j.surfcoat.2004.06.028
[64]	 r.	huang,	m.	sone,	W.	ma,	h.	fukanuma,	surf.	coat.	technol.	

261, 278-288 (2015). 
 Doi: https://doi.org/10.1016/j.surfcoat.2014.11.017
[65]	 m.m.	sharma,	t.J.	eden,	B.t.	golesich,	J.	therm.	spray	techn.	

24, 410-422 (2015). 
 Doi: https://doi.org/10.1007/s11666-014-0175-1
[66]	 a.	yabuki,	W.	Urushihara,	J.	kinugasa,	k.	sugano,	mater.	corros.	

62 (10), 907-912 (2011). Doi: doi.org/10.1002/maco.201005756
[67]	 s.	naghibi,	a.	Jamshidi,	o.	torabi,	r.e.	kahrizsangi,	int.	J.	appl.	

ceram. Tec. 11 (5), 901-910 (2013). 
 Doi: https://doi.org/10.1111/ijac.12077
[68]	 s.m.	emarati,	m.	mozammel,	ceram.	 int.	46 (2), 1652-1661 

(2020). Doi: https://doi.org/10.1016/j.ceramint.2019.09.137
[69]	 t.	luttrell,	s.	halpegamage,	J.	tao,	a.	kramer,	e.	sutter,	m.	Bat-

zill,	sci.	rep.	4, 4043 (2014). 
 Doi: https://doi.org/10.1038/srep04043
[70]	 m.	kam,	m.	demirtas,	surf.	rev.	lett.	28 (6), 2150041 (2021). 

doi:	https://doi.org/10.1142/s0218625X21500414
[71]	 n.	kubot,	m.	ayabet,	t.	fukuda,	m.	akashi,	mrs	online	proc.	

Lib. 458, 449-452 (1996). 
 Doi: https://doi.org/10.1557/PRoc-458-449

https://doi.org/10.1007/s10853-006-4506-6
https://doi.org/10.1016/S0013-4686(97)00305-8
https://doi.org/10.1149/1.1596952
https://doi.org/10.1016/S1003-6326(17)60006-2
https://doi.org/10.1016/j.matchar.2017.06.022
https://doi.org/10.1016/j.surfcoat.2004.06.028
https://doi.org/10.1002/maco.201005756
https://doi.org/10.1111/ijac.12077
https://doi.org/10.1016/j.ceramint.2019.09.137
https://doi.org/10.1142/S0218625X21500414
https://doi.org/10.1557/PROC-458-449

	J. Abuthakir￼1*, R. Subramanian￼1, K. Somasundara Vinoth￼2, 
G. Venkatesh￼1, G. Suganya Priyadharshini￼3, K. Krishnakumar￼1
	Studies on Microstructural Evolution and Wear Behaviour of AlNi intermetallic 
Reinforced AA6061 alloy in T6 condition

	Shih-Hsien Chang￼1*, Chen-Yu Weng￼1, Kuo-Tsung Huang￼2, Cheng Liang￼1
	Investigation of the Microstructure and Strengthening Mechanisms of Ti-6Cu-8Nb-xCr3C2 Alloy through Vacuum Sintering Process

	Ahmet Demirel￼1, Emre Can Çetin￼1, Ali Karakuş￼1, 
Mehmet Şahin Ataş￼1, Mehmet Yildirim￼1*
	Microstructural Evolution and Oxidation Behavior of Fe-4Cr-6Ti Ferritic Alloy 
with Fe2Ti Laves Phase Precipitates

	Muhammad Aqib Busharat￼1, Muhammad Yasin Naz￼1*, 
Shazia Shukrullah￼1, Muhammad Zahid￼2
	Post-Synthesis Microwave Plasma Treatment Effect on Magnetization 
and Morphology of Manganese-Iron Oxide Nanoparticles

	Harun Gökçe￼1*
	Experimental and Numerical Investigation of Cutting Forces and Temperatures 
in Milling of Custom 450 Steel

	Nabeel Abu Shaban￼1, Nabeel Alshabatat￼2, Safwan Al-Qawabah￼1*
	Effect of Flap Peening Speed on the Surface Quality and Micro Hardness 
of Aircraft Aluminum Alloys

	R. Zellagui￼1, L. Hemmouche￼2*, H. Ait-Sadi￼2, A. Chelli￼2
	Effect of Element Addition, Microstructure Characteristics, Mechanical Properties, Machining and Welding Processes of the Hadfield Austenitic Manganese Steel

	D. Chicet￼1, S. Toma￼1*, R. Haraga￼1, C. Bejinariu￼1
	Comparative Rolling Contact Behavior of Two APS Coatings with Different Matrix

	K. Kutynia￼1*, P. Gębara￼1, A. Przybył￼1 
	The Structure and Magnetocaloric Effect of MnCoGe Alloy Modified by Nb

	T. Matuła￼1* 
	Evaporation of Zinc in an Argon – Hydrogen Mixture

	Levent Elen￼1*, Yunus Turen￼2, Hayrettin Ahlatci￼2, 
Yavuz Sun￼2, Mehmet Unal￼3
	Investigation of Microstructure, Mechanical and Corrosion Properties 
of Biodegradable Mg-Ag Alloys

	L. Ciurcă￼1, B. Pricop￼1, M. Agop￼1, L.-G. Bujoreanu￼1*
	On Bending Creep Behaviour of a Powder Metallurgy FeMnSiCrNi Shape Memory Alloy


