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Abstract: Modern industrial systems and biomass-fired furnaces require surface treatments
that can withstand aggressive chemical, thermal, and corrosive environments. This study
investigates the corrosion and thermal resistance of plasma-sprayed Al,O3-TiO, coatings
produced using a DC air-hydrogen plasma spray process. Coatings of compositions of
Aly,O3, Al,O3-3 wt.% TiO,, Al,O3-13 wt.% TiOy, and Al,O3-40 wt.% TiO, were deposited on
steel substrates with a Ni/Cr bond layer by plasma spraying. The coatings were character-
ized by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
and X-ray diffraction (XRD) to evaluate their morphology, elemental composition, and
crystalline phases. Electrochemical tests were performed in a naturally aerated 0.5 mol/L
NaCl solution and cyclic thermal-chemical exposure tests (500 °C using 35% KCI) to assess
their corrosion kinetics and thermal stability. The results indicate that pure Al,O3 and low
TiO; (3 wt.%) coatings exhibit fine barrier properties, while coatings with a higher TiO,
content develop additional phases (e.g., Ti3Os5, Al,TiOs) that improve thermal resistance
but reduce chemical durability.

Keywords: Al;O3-TiO; coatings; plasma spraying; DC plasma torch; coating morphology;
corrosive resistance

1. Introduction

The need for functional materials is continuously increasing as modern systems and
their components must withstand harsh chemical, thermal, and corrosive environments. In
many cases, surface treatment to change their properties is essential to ensure enhanced
performance, longevity, and quality. Protective ceramic coatings, especially those deposited
by plasma spraying, offer a promising alternative to traditional organic or polymer-based
coatings for surface protection. Metal oxide ceramics such as alumina, zirconia, titania,
yttria, and their compounds are widely used because of their high melting points, chemical
inertness, and excellent thermal stability [1].

Plasma spray technology is widely applicable due to its low cost, flexibility, easy
process control, and high deposition rates that allow for coverage of large and complex
surfaces of substrates. Plasma jets, operating at temperatures between 2000 and 14,000 K
and reaching velocities from 100 to 2500 m/s, enable effective melting and deposition
of a wide variety of materials [1-8]. The parameters of the plasma spray process, such
as the power of the plasma torch, the gas flow rate, and the gas type, can be precisely
controlled to achieve the required properties. A direct current (DC) plasma torch developed
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at the Lithuanian Energy Institute is made of a hot-button-type hafnium cathode and
a high-purity copper anode is used to generate a stable electric arc under atmospheric
conditions [4,5].

In biomass-fired furnaces, straw combustion produces compounds that contain potas-
sium, sodium, and chlorine. Chlorine is released as HCl and Cl,, which react with fire grate
surfaces and cause severe active oxidation corrosion, drastically reducing the service life of
metal grates. Protecting steel surfaces with ceramic coatings can extend the lifespan of steel
elements and reduce exploitation and maintenance costs. Although numerous studies have
examined coatings produced using argon or argon-hydrogen plasmas [1,8,9], research on
coatings formed using an air-hydrogen plasma in atmospheric plasma spraying (APS) re-
mains limited. Moreover, an understanding of the plasma spray process parameters, which
influence the crystal structure and phase composition, is therefore essential. Al;O3-TiO,
ceramic coatings attract considerable attention because they combine the high hardness
and chemical inertness of alumina with the enhanced fracture toughness and binding
properties provided by titania. Early investigations by different authors demonstrated
that increasing the TiO, content can improve thermal control and corrosion resistance;
however, an overlarge quantity of titania can reduce hardness due to changes in phase
composition [1,10]. W. Lan et al. [10] found that the corrosion current densities of the
AlyO3 and Al,03-13 wt,% TiO, coatings were 0.36 LA /cm? and 0.095 pA /cm?, respectively.
The improved corrosion resistance was attributed to the reduction in the porosity and
enhanced density of the coatings. High cooling rates during the plasma spray process often
result in the formation of metastable alumina phases (e.g., Y-Al,O3) rather than thermo-
dynamically stable x-Al,O3, while titania can crystallize as anatase or rutile. In specific
compositions, intermetallic compounds such as TizOs and Al;TiOs can form, affecting the
thermal expansion behavior and mechanical stability of the coatings [10,11].

The deposition process is sensitive to processing parameters. Sreekumar and Rao [12]
optimized APS conditions, including the plasma torch input power, powder feed rate,
stand-off distance, and the torch travel speed of depositing Al,03—40 wt.% TiO, coat-
ings on stainless steel substrates with reduced porosity and improved microhardness.
Yugeswaran et al. [13] clarified a critical plasma-spraying parameter (CPSP), which can
be defined as the ratio of plasma power to primary gas flow rate. Furthermore, the gas
flow rate correlates with the in-flight temperature of the powder particles and influences
the resulting crystallinity and phase distribution in the produced coating. Alternative
methods, such as detonation gun spraying [6] and supersonic plasma spraying [2], pro-
duce distinct microstructural features for the coating, while post-treatment processes such
as laser remelting further refine the coatings by reducing porosity and promoting grain
refinement [14].

Recent achievements include the development of multilayer and bilayer coatings.
Eraslan et al. [11] demonstrated that a four-layer Al,O3-TiO, multilayer coating sintered at
1000 °C exhibits optimal wear strength and corrosion resistance due to decreased porosity
and a more homogeneous microstructure. The corrosion current densities of the Al,Os-
TiO, coatings varied from 0.6 to ~6.0 pA/cm?. Laser surface engineering methods, as
applied by Zhao et al. [15], can modify the crystal structures of the surface through phase
transformations and grain refinement, further enhancing the wear resistance. Metal doping
strategies have been investigated to mitigate the inherent brittleness of these coatings.
Hanifi et al. [16] showed that incorporating 20 wt.% NiAl into an Al;O3—40 wt.% TiO,
(AT40) coating significantly improves fracture toughness and reduces crack potential, thus
improving wear performance. For polymer-based substrates, Cong Wang et al. [17] high-
lighted that the proper dispersion of TiO, within the alumina matrix is crucial to achieve
favorable tribological and erosion resistance. Furthermore, Chang et al. [18] produced
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a triple Al,O3-ZrO;-TiO; coating via APS that showed a dense microstructure with re-
fined crystalline phases, contributing to improved mechanical properties and resistance to
thermal shocks.

Post-deposition modifications further enhance coating performance. Lu et al. [14]
applied laser remelting to plasma-sprayed Al,O3-40 wt.% TiO, coatings, inducing phase
transformations (e.g., a shift from TiAl,Os to a mixture of Al,O3 and TizOs) and grain re-
finement that reduce friction coefficients and wear rates. Lv et al. [19] advanced the coating
system by incorporating carnauba wax through a vacuum impregnation process, produc-
ing a self-lubricating composite coating with high corrosion resistance. Girisha et al. [20]
demonstrated that plasma-sprayed Al,O3-40 wt.% TiO; coatings on martensitic stainless
steel exhibit significantly improved slurry erosion resistance due to their high hardness
and low porosity.

Further supporting studies have investigated oxidation behavior and phase stabil-
ity under harsh conditions. Sharma and Kazi [21] examined the oxidation behavior of
detonation-gun-sprayed Al,O3-3 wt.% SiC coatings on stainless steel, while Latka et al.
and Lu et al. [22,23] explored the effects of the plasma spray process parameters on oxide
phase formation in ceramic coatings. Wang, Qu and Su [24] investigated microstruc-
tural changes and phase transformations in plasma-sprayed Al,O3-TiO, coatings sub-
jected to high-temperature influence. Nguyen et al. [25] evaluated the impact of post-
treatment on microstructure and corrosion resistance. Finally, the works by Yu et al. [26]
and Kawase et al. [27] explored the relationship between the coating microstructure and
long-term performance in various corrosive environments. Y. Wang et al. [28] observed
that the corrosion resistance of the Al;O3-13wt.% TiO, coatings could be controlled by
the nature of the feedstock powders used. The corrosion current densities depended on
the porosity, pore size, density and phase composition of the coatings. E. Celik et al. [29]
demonstrated that the corrosion rate of the Al,O3-TiO, coatings increased with the increase
in the porosity. The current density was from 153 to 485 A/cm?, depending on the porosity
values of the coatings. Our previous investigations [30,31] indicated that the phase com-
position and morphology of the Al,O3 and Al,O3-TiO; coatings depend on the power of
the plasma torch. In biomass combustion systems, the formation of potassium, sodium,
and chlorine compounds in flue gases leads to aggressive reactions on the surfaces of the
furnace. In particular, chlorine is released as HCl and Cl,, which react with the heated fire
grate surfaces to trigger severe active oxidation, significantly shortening the service life
of conventional metallic grates. The deposition of ceramic coatings on metal substrates is
proposed as a promising solution to improve the durability of fire grates.

In summary, the quality of plasma-sprayed Al,O3-TiO; coatings depends on the
interaction between chemical composition, crystallographic processes, coating processing
parameters, and post-treatment conditions. Optimizing the TiO, content and properly
controlling the plasma spray conditions are essential to refining the structure of coatings to
improve wear, corrosion, and thermal resistance. The present study aims to deposit Al,O3,
Al O3-3 wt.% TiO,, Al;03-13 wt.% TiO,, and Al,O3-40 wt.% TiO, coatings using a DC
air-hydrogen plasma-spraying technology and to investigate the effects of corrosion and
thermal impact on the microstructure and phase composition. These investigations are
important for developing ceramic coatings capable of significantly extending the lifetime of
fire grates in biomass-fired furnaces and other devices operating in corrosive environments.

2. Experimental Setup, Materials and Methods

In this work, the alumina feedstock was combined with titania in different proportions
to generate four types of coatings: pure Al,O3, Al,O3-3 wt.% TiO,, Al,O3-13 wt.% TiO,,
and Al,O3-40 wt.% TiO,. The coatings were deposited on P265GH steel substrates under
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atmospheric pressure conditions using a direct current (DC) plasma torch developed at the
Lithuanian Energy Institute (Kaunas, Lithuania) [4,30,31]. P265GH is a low alloy steel with
a chemical composition according to the European standard (EN 10028-2) of approximately
C:0.16-0.18 wt.%, Mn: 0.5-1.0 wt.%, Si: 0.20-0.40 wt.%, P: <0.025 wt.%, S: <0.025 wt.%.
The DC plasma torch operates with a stable electric arc generated between a hot-button-
type hafnium cathode and a high-purity copper anode. In this research, air was used as
both the primary plasma-forming gas and the powder-carrying gas. When the airflow
passes through the ignited electric arc, a high-temperature, high-speed plasma flow is
generated. The inherent versatility of the DC plasma-spraying method is its ability to
generate high-temperature flows, which allows for effective melting and deposition of
high-melting-point ceramic powder. The DC plasma generator is intensively water-cooled
to protect the electrodes and maintain process stability.

Figure 1 illustrates a schematic diagram of the experimental setup, which consists
of the plasma torch and the reactor. The reactor is a water-cooled stainless-steel tube
measuring 150 mm long with a 7 mm internal diameter and channels for hydrogen gas
and raw powder inlet. A hydrogen inflow channel is 100 mm from the outlet nozzle. The
hydrogen gas flow increases the thermal energy of the plasma jet, thereby ensuring that the
injected powders reach the desired fully molten state.

Coating

Plasma
Hz | ) .

(a) S (b)

Figure 1. Experimental setup of plasma spraying. (a) Schematic diagram of a DC plasma torch used
for plasma spraying, (b) plasma torch in the process.

Before deposition, the steel substrates (40 mm x 10 mm x 6 mm) were pretreated
prior to the coating process. They were pretreated by steel grit blasting to enhance surface
roughness and remove surface contaminants such as rust and mill scale from the surface,
ground and polished with sandpaper (60 grit) to remove surface irregularities, and then
thoroughly cleaned by sequential washing in acetone and ethanol to eliminate contaminants.
The deposition parameters are listed in Table 1 and include an arc current of 200 A, a
voltage of 203 V, a mean plasma jet temperature of 3200 K, and a jet speed of 1060 m/s,
when the primary gas flow rates, powder carrier gas, and secondary hydrogen gas were
42 g/s, 0.75 g/s, and 0.06 g/s, respectively. The spray distance was maintained at 70
mm. The entire spraying process, while moving a plasma torch horizontally forward
and back, was completed in 60 s. A thin nickel-chromium bonding layer (Ni/Cr ratio of
80/20, MOGUL M3, size 105/45 um) was first deposited onto the substrate using the same
plasma spray process before deposition of the main ceramic coating to improve adhesion
of the coating. The bonding layer was formed by passing through the steel substrate
twice (backward and forward). Dried hard spherical powders were used for coating
spraying. The feedstock consisted of a conventional Al,O3 powder (particle size ~63 um,
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MOGUL PC15, 99.8% purity) and an Al,O3 powder mixed with 3 wt.%, (MOGUL PC10),
13 wt.% (MOGUL PC12) or 40 wt.% TiO, (MOGUL PC14, MOGUL METALLIZING GmbH,
Kottingbrunn, Austria). The resulting ceramic coatings exhibited a uniform thickness
between 50 and 65 um, with an underlying Ni/Cr bond layer of approximately 15-20 pum.

Table 1. Plasma-spraying conditions for the deposition of ceramic coatings.

Arxc Voltage Mean Plasma Mean Plasma Spray Primary Gas  Powder Carrier =~ Secondary Gas Spray
Current & Jet Temperature Jet Speed Distance Flow Rate Gas Flow Rate Flow Rate Duration
200 A 200-203 V 3200 K 1060 m/s 70 mm 42g/s 0.75g/s 0.06 g/s 60s

The surface morphology of the Al,O3 and Al,O3-TiO, coatings was examined by
scanning electron microscopy (SEM) using a Hitachi S-3400N instrument (Hitachi, Tokyo,
Japan). Energy-dispersive X-ray spectroscopy (EDS) was used to carry out elemental com-
position and distribution analyses (Bruker Quad 5040 spectrometer, Bruker Nano GmbH,
Hamburg, Germany). The elemental data of each sample were obtained by EDS scanning a
1.05 mm? area at four different locations, and the mean values of these measurement values
were reported. To investigate the crystalline phases of the coatings, X-ray diffraction (XRD)
was performed on a Bruker D8 system (Bruker, Hamburg, Germany) using CuK« radiation
(A =0.154059 nm) over a 20 range of 20 to 70°.

Thermal and corrosive resistance tests of the coating samples produced were carried
out at 500 °C using a 35% KCl solution. A defined volume of the KClI solution was applied
to the coatings at the beginning of the test cycle. After that, the samples were kept at
500 °C in a controlled furnace environment for 1 h. The experiment was repeated five
times. After each cycle, the samples were rinsed with distilled water in an ultrasonic bath,
dried, and then examined to evaluate changes in the coating’s surface morphology and
elemental composition.

Corrosion tests were performed in a naturally aerated 0.5 mol/L sodium chloride
(NaCl) aqueous solution at 22 & 1 °C. A BioLogic® SP-150 potentiostat-galvanostat
(Seyssinet-Pariset, Grenoble, France), interfaced with a personal computer for control
and data acquisition, was used for all electrochemical measurements. Two electrochemical
techniques were employed: (1) long-term (up to 96 h) open-circuit or steady-state poten-
tial measurements (chronopotentiometry), and (2) linear polarization (potentiodynamic)
measurements at fixed time intervals (1 h, 12 h, 24 h, 48 h, 72 h, and 96 h) after sample im-
mersion in the corrosive medium. For each test time interval, the potentiodynamic method
was applied using a new sample obtained under identical conditions. The electrochemical
tests were performed in a 150 mL glass three-electrode cell. The working electrode was
the sample itself, with an exposed surface area of 1 cm? (the remaining area was insulated
with epoxy resin). A platinum (Pt) plate with a surface area of 10 cm? served as the counter
electrode, and a saturated Ag/AgCl electrode (E = 0.197 V vs. SHE) filled with a saturated
aqueous potassium chloride (KCl) solution was used as the reference electrode.

The potentiodynamic polarization curves were recorded in a range of no less than
£180 mV around the open circuit potential, starting with cathodic polarization and the
sweeping electrode potential in the anodic direction at a scan rate of 0.166 mV /s using
BioLogiC® software EC-Lab V10.39. The Tafel equation constants 3, and (3., which describe
the kinetics of the anodic and cathodic corrosion processes, were determined from the
potentiodynamic curves. These values facilitated the identification of the rate-controlling
corrosion process (anodic or cathodic) and enabled the calculation of corrosion parameters:
the corrosion potential (Ecorr.) and the corrosion current density (icorr,)-
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3. Results and Discussion
3.1. The Morphology of Deposited Coatings

For the formation of the plasma-sprayed coatings, the following ceramic materials
were used as raw powders: Al,O3 (MOGUL PC15, 99.8% purity) with an average particle
size of 63 um; Al,O3-3% TiO,, (MOGUL PC10 (Al,O3/TiO, ratio 97/3, 63 um); Al,O3-13%
TiO, (MOGUL PC12, Al,O3/TiO; ratio 87/13, 63 um); Al,03-40% TiO, (MOGUL PC14,
Al,O3/TiO; ratio 60/40, 63 pm) (the raw powders can be seen in Figure 2a—d). The images
show that the raw powder particles were angular in shape and of varying sizes, with an

average diameter ranging from 20 to ~70 um.

Figure 2. SEM images of raw powders used for coating formation: (a) Al,O3 (b) Al,03-3% TiO,,
(c) Al,03-13% TiO5, (d) Al,03-40% TiO,.

All coatings were deposited on metal substrates made from P265GH steel, which is
commonly used for pressure vessel and boiler applications. To ensure adequate adhesion
between the metallic substrate and the ceramic coating, an intermediate metallic bond
layer was applied using the Ni/Cr powder. To protect the steel substrate from high
temperatures during plasma spraying and ensure a strong adhesion in all coated samples,
the substrate was placed on the water-cooled holder, and a copper paste was applied to the
backside of the substrate plate to enhance heat dissipation. This controlled cooling strategy
minimizes thermal stress and prevents overheating of the substrate, thus improving the
adhesion quality of the subsequent ceramic coating. After the coating deposition process,
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15.0kV x1.00k SE

the coating microstructure, surface morphology, and elemental composition were analyzed
(Figure 3a—d). A higher input power of the plasma torch gradually reduces the surface
roughness, and the smoothest coatings surfaces are obtained using a plasma torch power
of not less than 40 kW due to more particles being fully melted. The molten particles
demonstrate lower viscosity values at higher temperatures, and a less viscous liquid is
more likely to splash [25,27,31].

15.0kV x1.00k SE 50.0um

Figure 3. Surface morphology of coatings produced by plasma spraying: (a) Al;O3 coating; (b) Al,O3
+ 3% TiOy; (c) Al,O3 + 13% TiOy; (d) Al,O3 + 40% TiOs.

SEM analysis revealed that all of the coatings exhibit a uniform morphology, with
no observable defects or cracks. After deposition, EDS and XRD analyses were per-
formed to evaluate the coatings’ elemental composition, phase composition, and crys-
tallographic structure.

The coating, deposited using the Al,O3 powder on a steel substrate with a NiCr bond
layer, consists primarily of aluminum (36 + 1 at.%) and oxygen (60 + 3 at.%). It also
contains minor amounts of carbon (1.0 & 0.2 at.%) and copper (1.0 £ 0.2 at.%), along with
elements originating from the bond layer, namely, nickel (1.4 & 0.2 at.%) and chromium
(0.4 £ 0.1 at.%). In the Al,O3 coating XRD pattern, the most intense peaks correspond to
the y-Al,O3 phase (at 37.7°, 39.5°, 45.9°, 60.8°, and 67.0°), card No. 75-921, and the x-Al,O3
phase (at 25.6°, 35.2°, 37.8°, 43.4°, 52.6°, 57.6°, 66.7°, and 68.3°), card No. 83-2080 (see
Figure 4, red line). The presence of the Ni/Cr compound is indicated by peaks around
44.2° and 51.5° (card No. 01-071-7595), while peaks observed at 36.6° and 42.3° suggest the
formation of copper oxide.
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Figure 4. XRD analysis results of coatings produced by plasma spraying: (red)—Al,O3 coating;
(green)—A1203—3% TiO2; (black)—A1203—13% TiOZ; (blue)—A1203—40% T102

The coating deposited from Al,O3-3 wt.% TiO, powder (using a NiCr bond layer)
on a P265GH substrate is composed of aluminum (32 + 2 at.%), oxygen (58 £ 3 at.%),
titanium (1.7 4 0.2 at.%), nickel (4.0 £ 0.5 at.%), and chromium (1.5 4+ 0.1 at.%), with a
small amount of carbon (1.0 & 0.2 at.%), among other elements. X-ray diffraction analysis
of the coating produced from the Al,O3-3 wt.% TiO, powder revealed that the dominant
crystalline phases are y-Al,O3 and x-Al,O3. The y-Al,O3 phase is indicated by peaks at
approximately 37.7°,39.5°, 45.9°, 60.8°, and 67.0°, while the x-Al,O3 phase is evidenced
by peaks at 25.6°, 35.2°, 37.9°, 43.4°, 52.6°, 57.6°, 66.7°, and 68.3° (see Figure 4, green line).
Furthermore, peaks at around 44.2° and 51.5° confirm the presence of the Ni/Cr compound,
and a peak at approximately 44.9° is associated with the steel substrate. The diffraction
peaks of the crystalline phases associated with the TiO, rutile are detected, though they
exhibit a low intensity.

The coating produced from the Al,O3-13 wt.% TiO, powders (using a Ni/Cr bond
layer, a steel substrate) is composed of aluminum (30 + 1 at.%), oxygen (60 + 3 at.%),
titanium (6.0 £ 0.3 at.%), and a small amount of carbon (1.2 + 0.2 at.%), along with
elements from the bond layer (Ni—1.8 £ 0.2 at.% and Cr—0.4 & 0.1 at.%). In the XRD
pattern of the coating with Al,O3-13 wt.% TiO;, the most intense peaks are attributed
to the y-Al,O3 phase (observed at 37.7°, 39.5°, 45.9°, 60.8°, and 67.0°) and the x-Al,O3
phase (at 25.6°, 35.2°, 37.8°, 43.4°, 52.6°, 57.6°, 61.2°, and 68.3°) (see Figure 4, black line).
The existence of the nickel-chromium compound is confirmed by peaks around 44.2° and
51.5°. Furthermore, broad peaks at 27.5°, 41.3°, and 54.3° indicate the presence of the TiO,
rutile phase (card No. 00-021-1276), while additional peaks at 26.5°, 30.2°, 33.3°, and 36.2°
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are associated with a TigO1; compound (card No. 00-018-1401). The coating produced
from Al,O03-40% TiO, powders, using a NiCr bond layer, exhibits the following elemental
composition: Al—23 + 1 at.%, O—50 +£ 3 at.%, Ti—24 £ 1 at.%, C—0.7 & 0.2 at.%, and
Ni—1.2 + 0.2 at.% and Cr—0.6 £ 0.1 at.%. The summarized results of the EDS analysis of
the sprayed coatings are presented in Table 2.

Table 2. Summary of the EDS results: elemental composition of the Al,O3, Al;O3-TiO, coatings.

Samples

Composition AlL,O; AlLLO3+3%TiO, Al,O3 +13%TiO, Al,O3 + 40%TiO,
Oxygen, at.% 60 58 60 50
Carbon, at.% 1 1 1.2 0.7
Nickel, at.% 1.4 4 1.8 1.2
Chromium, at.% 04 1.5 04 0.6
Aluminum, at.% 36 32 30 23
Titanium, at.% - 1.7 6 24

Copper, at.% 1

XRD analysis indicates that the formed Al,O3-40 wt.% TiO, coating contains both
v-Al,O3 and «-Al,O3 phases. The peaks observed at approximately 27.4°, 41.3°, 53.9°,
and 64.1° in the XRD pattern are indicative of the TiO; rutile phase. Relatively broad and
intense peaks at around 26.2°, 30.2°, 33.2°, 41.6°, 47.3°, 50.2°, and 54.6° are associated
with the formation of crystalline compounds such as TizOs and Al,TiOs. Additionally,
low intensity peaks near 24° and 29.5° suggest the formation of the H,Ti3O7 phase (see
Figure 4, blue line). The percentage volume of the alpha-Al,O3 and gamma-Al,O3 phase
in the Al,O3 and Al,O3-TiO, coatings was determined by the methodology presented
in [32,33]. The results indicated that the Al,O3 coating is composed of 40.8% of x-Al,O3
and 59.2% of y-Al,O3 phase. The addition of 3% by weight of TiO; in the Al,O3 powders
resulted in a reduction in the x-Al,O3 phase down to 35.8% in the coating. The lowest
content (31.0%) of the x-Al,O3 phase was observed in the Al,O3-13 wt.% TiO; coating. A
slight increase of up to 35.4% in the x-Al,O3; phases was observed in the Al;O3—40 wt.%
TiO, coating. The results showed that the composition of the initial powder determines
the different amounts of «-Al,O3 and y-Al,O3 phases in the as-sprayed coatings and will
also affect the properties of the coatings. It was observed that the increase in the y-Al,O3
phase volume fraction in the Al;O3 or Al,O3-TiO, coatings indicates a higher melting of
the Al,O3 particle and/or an increased solidification rate of the alumina splats [32,34].

3.2. The Corrosive-Thermal Resistance of Deposited Coatings

After the thermal-chemical treatment at 500 °C with the coatings wetted with KCl
solution, etched grooves approximately with a thickness of 2-3 pm were observed on
the Al,O3-3wt.% TiO; coating surface (see Figure 5b). No delamination or macroscopic
microcracks were observed. The overall composition remained almost unchanged (Al:
35 £ 1at.%, O: 60 £ 3 at.%, Ti: 1.3 & 0.2 at.%), while trace amounts of potassium (1 at.%)
and chlorine (0.4 at.%) appeared on the surface.
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Figure 5. Surface images of the Al;O3-3 wt.% TiO; coating: (a) before and (b) after chemical treatment.

Using powders of Al;O3-13 wt.% TiO;, the coating was formed from a mixture of
microgranules of different sizes (see Figure 6a). Elemental analysis of the as-sprayed
coating indicated concentrations of approximately 27 £ 2 at.% aluminum, 58 £ 2 at.%
oxygen and 5.5 & 0.5 at.% titanium. After chemical treatment with a 35% KClI solution,
the coating remained almost intact and a few microcracks appeared on the surface (see
Figure 6b red arrows). EDS measurements confirmed these observations, showing that the
concentrations of the primary coating elements decreased (Al: 18 & 2 at.%, O: 40 £ 2 at.%,
Ti: 3 & 0.5 at.%), while a significant amount of iron (up to 21 at.%) was detected, along with
trace amounts (~1 at.%) of potassium and chlorine.

30.0um [N 15.0kV x3.00k SE ; 10.0um
(a) (b)

Figure 6. Surface images of the Al,O3-13 wt.% TiO, coating: (a) before and (b) after chemical

treatment. Red arrows indicate the microcracks caused by chemical treatment with 35% KCl.

After chemical treatment with a solution of 35% KCl, it was found that the coating
produced from an Al,O3—40 wt.% TiO, mixture (see Figure 7a) was partially etched. EDS
analyses showed that the oxygen concentration decreased from 50 =+ 2 at.% to 4045 at.%,
the aluminum concentration dropped from 23.5 at.% to between 4 and 16 at.%, and the
titanium concentration decreased from 23.5 at.% to 4-10 at.%. In areas where the coating
was completely removed (Figure 7b), microregions with exposed substrate exhibited iron
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concentrations ranging from 10 at.% to 50 at.%. The coating is not resistant to chemical
impact at 500 °C.

«

oy
A i

prd
15.0kV x500 SE

(b)

Figure 7. Surface images of the Al,O3-40 wt.% TiO, coating: (a) before and (b) after chemical treatment.

Chemical resistance tests demonstrated that coatings produced from Al,O3 powders
with a higher TiO, content suffer more severe damage. The least damage was observed
in coatings fabricated from pure alumina and alumina with 3% titanium oxide. Although
the surface of the coatings is affected, the coating remains intact with no pore formation
throughout its thickness. In particular, while the Al,O3-40% TiO, coating shows resis-
tance to thermal exposure at 500 °C, its high titanium content makes it less resistant to
chemical impact. It was indicated that the presence of TiO, in the coatings facilitates an
ion exchange reaction with potassium and leads to the formation of potassium titanates at
higher temperatures [11]. The increase in the titania content could create some additional
microchannels for the diffusion of C1~ or K* ions at higher temperatures. As thermal
annealing was carried out under atmospheric conditions, the chemical reactions with the
metals of bonding layer or the substrate could be induced. The Cr or Fe could start reacting
with K and Cl ions, resulting in the formation of volatile compounds. As a result, pitting
and spallation on the surface of the coating was induced (Figure 7b).

3.3. The Corrosion Behavior of Deposited Coatings

The corrosion behavior of the deposited coatings was then investigated in a naturally
aerated 0.5 mol/L sodium chloride (NaCl) aqueous solution maintained at 22 £ 1 °C.
Figure 8 illustrates the evolution of the open-circuit potential (Eocy) as a function of
immersion time for different samples: bare steel, steel coated with pure Al,O3, steel coated
with Al,O3-3 wt.% TiO,, and steel coated with Al;O3-13 wt.% TiO,. The bare steel initially
exhibits a relatively high (more positive) potential, which then steadily decreases over
the first 12 h (from approximately —380 mV to —625 mV) and stabilizes between —620
and —640 mV between 24 and 96 h. On the contrary, the oxide-coated samples display
a distinct behavior. The Al,O3-3 wt.% TiO; and pure Al,O3 coatings quickly reach their
most negative potentials (—790 mV and —810 mV, respectively) within the first 6 h, and
then shift to less negative values. In particular, the Al;O3-13 wt.% TiO; coating starts
with a comparatively lower potential (approximately —715 mV) but gradually becomes
less negative (approximately —580 mV after 96 h). The slight increase in the open-circuit
(or free corrosion) potential (their shift toward more positive values) of all coatings over
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time is most likely related to surface deactivation caused by the formation of a more stable
protective layer of corrosion products.

Time, h
0 12 2 36 48 60 72 84 9%
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Figure 8. Open-circuit potential (Eocy) vs. immersion time in a naturally aerated 0.5 mol/L NaCl
solution at 22 &= 1 °C for bare steel and steel samples coated with Al;O3, Al,O03-3 wt.% TiO,, and
Al,O3-13 wt.% TiO,.

Table 3 summarizes the key corrosion kinetic parameters determined from the Tafel
analysis of the potentiodynamic curves (Figure 9). These include the anodic (3,) and
cathodic (f3.) Tafel slopes, the corrosion potential (Ecorr.), and the corrosion current density
(icorr.) at various immersion times. The results indicate that while the bare steel corrodes
most rapidly at the beginning of immersion, its corrosion rate decreases during the initial
48 h—likely due to the formation of loosely adherent corrosion products—before increasing
again. In contrast, oxide coatings exhibit consistently lower corrosion current densities,
reflecting their improved barrier properties. The differences in Tafel slopes between the
samples further suggest that the corrosion process is controlled by either the anodic or
cathodic reactions depending on the type of coating, which correlates with the passivation
behavior observed in the OCP measurements.

Table 3. The corrosion kinetic parameters of the steel substrate and the plasma-sprayed coatings on it.
Corrosion media: a naturally aerated 0.5 mol/L NaCl solution at 22 £+ 1 °C.

Sample Tli‘lne, Er::\r; u[i\C;)(r:;nz mV/]g:cade mV/]glgcade
1 —474.9 234 111.5 869.8 **
12 —643.9 21.6 95.5 4547 **
(subifmte) 24 6614 20.8 97.1 370.9 **
48 —680.0 155 100.6 169.2 **
72 —678.1 18.2 103.7 140.1 **

96 —655.3 29.4 104.7 155.5 **
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Table 3. Cont.
Time, Ecorr, icorr, ﬁar ﬂk,
Sample h mV tA/cm? mV/Decade mV/Decade
1 —756.9 0.6 99.6 121.1 **
12 —834.3 4.7 222.6 % 133.9
Fe + ALO; 24 —810.8 5.2 248.9 * 156.5
48 —687.3 7.8 119.2 184.2 **
72 —653.3 114 130.0 188.9 **
96 —662.6 8.4 140.7 184.4 **
1 —789.1 18.08 429.8 * 158.9
12 —809.5 18.32 381.7 * 179.4
— *
Fe + Al,O3—3%TiO, 24 790.7 17.80 281.8 166.7
48 —750.0 14.18 346.6 * 163.8
72 —748.5 16.05 347.6 * 168.4
96 —725.9 11.67 203.5 * 154.2
1 —754.0 12.4 151.9 147.0 *
12 —697.4 12.8 82.2 149.8 *
— *
Fe + Al,O3—13%TiO, 24 662.1 13.0 68.9 210.8
48 —640.1 13.5 138.3 1914 *
72 —608.6 17.3 196.4 231.7 *
96 —589.1 17.4 118.9 215.2 %

The Tafel slopes indicate the rate-controlling process: * when 3, > 3, the anodic reaction limits the corrosion rate;
conversely, ** when . > 35, the cathodic reaction is the limiting step.

Comprehensive analysis of the potentiodynamic curves, coupled with the time-
dependent evolution of Eocy demonstrates that the protective efficacy of the coatings is
highly dependent on their microstructural integrity and phase composition. Well-adherent,
dense and uniform oxide films provide superior isolation of the underlying steel substrate
from the corrosive environment.

Calculations of the corrosion current densities for the various samples (as summarized
in Table 3), which are directly proportional to the corrosion rate, and their evolution over
time (illustrated in Figure 10), revealed that the bare steel substrate corrodes most rapidly
immediately upon immersion in the corrosive medium. During the first 48 h, its corrosion
rate decreases by approximately 1.5 times, after which the corrosion current density, and
therefore the corrosion rate, increases again. After 96 h, the corrosion rate of the bare steel
is approximately 1.25 times higher than that measured one hour after immersion. This
behavior is attributed to the formation of a loosely adherent and poorly protective layer of
corrosion products (rust) on the steel surface.

The corrosion kinetics of the coatings varied significantly with composition. The
pure Al,O3 coating corrodes the most slowly immediately after immersion in the cor-
rosive medium. However, during the first 72 h, its corrosion current density increases
approximately 19-fold and then slightly decreases by about 1.36 times between 72 and
96 h. In contrast, steel substrates coated with mixed oxide layers (Al,O3-3 wt.% TiO, and
Al,O3-13 wt.% TiOy) exhibit initial corrosion rates that are approximately 1.3 and 1.9 times
lower, respectively, compared to uncoated steel. Over time, the evolution of the corrosion
current density differs between these coatings: after 96 h, the Al,O3-3 wt.% TiO, coating
shows a uniform decrease in the corrosion current density by approximately 1.55 times,
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while the Al,O3-13 wt.% TiO, coating exhibits an increase of approximately 1.4 times.
Despite the variation in the corrosion current density of all the investigated coatings over
time, the Al,O3 coatings on the steel showed the best results during the entire test period
(96 h) compared to the steel substrate coated with Al,O3-TiO;. These differences are likely
due to variations in the microstructure and phase composition of the mixed oxide coatings.

0 -1
-1 -2
,__5 -2 8 <3
o -
-3 -4
-4 o
-5 -6
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Figure 9. Potentiodynamic polarization curves obtained after different immersion times in a naturally
aerated solution of 0.5 mol/L NaCl at 22 £ 1 °C for bare steel (a) and steel samples coated with
Al O3 (b), Al;03-3 wt.% TiO; (c), and Al,O3-13 wt.% TiO; (d). The scanning rate of the potential
was 0.166 mV/s.

It is well established that oxide coatings on steel act primarily as physical barriers
rather than providing intrinsic electrochemical protection. In a neutral aqueous envi-
ronment (pH~7), neither Al,O3 nor TiO, oxidize; only cathodic reactions occur on their
surfaces (e.g., oxygen reduction that forms hydroxide ions), while anodic oxidation of
iron takes place on the exposed steel substrate. Consequently, the protective effect of such
coatings depends largely on their quality: dense, smooth, and crack-free cathodic layers
offer better protection than those exhibiting more pronounced surface defects or microc-
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racks. The higher corrosion resistance of Al,O3 coatings could be related to its chemical
stability and less reactivity to potassium chloride compared to Al,O3-TiO; coatings. TiO,
typically demonstrates a higher probability to react with NaCl or KCI and forms corrosive
compounds [7,28,29,35-37].

35
——Fe —&—Fe+Al;03
30
Fe+Al,03-3%TiO, —6—Fe+Al;03-13%Ti0;
25
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L
<
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Z 15
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0
0 10 20 30 40 50 60 70 80 90 100
Time, h

Figure 10. Time-dependent variation in the corrosion current density (icorr.. for uncoated steel and
various coatings in a naturally aerated 0.5 mol/L NaCl aqueous solution at 22 1 °C.

ES. Eraslan et al. [11] indicated that the corrosion properties of the Al,O3-TiO, coatings
depended on the number of layers and the sintering temperature. As the layer number
increased from 2 to 4, the current density was reduced from ~6.0 pA/ cm? t0 0.8 A/cm?,
respectively. However, the current density was increased to 3.9 pA/cm? when the six-
layer coating was formed. The authors indicated that the increase in microcracks in the
Aly,O3-TiO; coatings enhanced the density of the corrosion current. A. Hakimizad et al. [38]
reported that the corrosion current densities of the alumina coatings were from 20% to 65%
lower compared to those of the alumina-titania coatings. The increase in coating porosity,
the formation of a large amount of micro-cracks, and the surface morphology were the main
reasons for the enhancement in the corrosion rates. Y. Wang et al. [28] demonstrated that the
corrosion resistance of the Al,O3-13wt.% TiO; coatings depended on the type of feedstock
powders used. Corrosion resistance was improved with the formation of more dense and
less porous coatings. T. Bayram et al. [37] observed that the plasma-sprayed TiO,, Al,O3
and Al,O3-3 wt.% TiO, coatings had corrosion currents of 30.1 nA, 9.1 pA, and 2.4 pA,
respectively. The lowest corrosion current values were attributed to the formation of the
Al,TiOg phase in the Al,O3-TiO; coating. The investigation of plasma-sprayed mixed-glass-
doped Al,O3-13 wt.%TiO, and pure Al,O3-13 wt.%TiO, coatings showed that the addition
of 10% of the glass mixture resulted in a reduction in porosity of up to 42% and drastically
reduced the corrosion current density from 26.9 pA/cm? to 2.1 pA/cm?. The improvement
in the corrosion resistance of the coating was related to the reduced number of defects
(pores and microcracks) due to the formation of a more dense and compact coating [36].
ES. Eraslan et al. [7] observed that the corrosion resistance of the alumina-titania coatings
could be controlled by the weight of TiO; in the alumina powders. E. Celik et al. [29]
found that the corrosion current densities of the as-sprayed Al,O3 and Al,O3-TiO, coatings
were 15.1 A/cm? and 267.4 A/cm?, respectively. The resistance to corrosion was improved
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due to reduction in the porosity of the Al,O3 coating and enhancement in the gamma
phase fraction. The higher corrosion resistance of the Al,O3 coatings could be related to
their chemical stability and less reactivity to sodium chloride compared to the Al,O3-TiO,
coatings. TiO, usually shows a higher probability of reacting with NaCl and forming
corrosive compounds [37]. It should be noted that higher 3, values are related to thicker
coatings with a dense and more compact microstructure [38]. This may lead to a decrease
in the depth of penetration of C1~ ions and suppress the corrosion rate of the coatings. This
is likely to have happened in the case of the Al,O3 coating, where the corrosion current
densities were the lowest and, in some cases, quite high (3, values were achieved (after
12 and 24 h). Additionally, the presence of TiO, in the Al,O3 coatings could induce some
microcracks in the coatings. These microcracks act as channels for aggressive anions, such
as Cl— ions, to migrate to the bonding layer and enhance the corrosion rate [28,29,36]. As
a result, the corrosion current densities of the Al,O3-3wt.% TiO, and Al,O3-13wt.% TiO,
coatings were higher compared to the Al,O3 coating (Table 3). The stable and quite low
corrosion current densities (12.4-13.5 pA/cm?) obtained for Al,03-13wt.% TiO, up to 48 h
could be due to a reduction in the porosity of the coatings. As the melting temperature of
TiO; is lower compared to that of the Al,O3 powders, the increase in the TiO, content results
in the formation of more dense and lower porosity coatings, which could compensate for a
slight increase in the number of microcracks obtained in the Al,O3-13wt.% TiO, coating.
Additionally, the Al,03-13wt.% TiO; coating had the lowest content of the a-Al,O3 phase,
which is a direct indication that the melting degree of the feedstock powders was enhanced
and could lead to a reduction in the porosity of the coatings [10,32,34].

4. Conclusions

The present investigation confirms that the corrosion and thermal resistance of plasma-
sprayed Al,O3-TiO; coatings are strongly influenced by their chemical composition and the
resulting microstructure. SEM and EDS analyses revealed that the coatings deposited using
pure Al,O3 or Al,O3 with 3 wt.% TiO; maintain a uniform, crack-free morphology, which
is essential to provide an effective physical barrier against corrosive media. XRD analysis
shows that these coatings predominantly consist of y-Al,O3 and x-Al,O3 phases. The
highest x-Al,O3 phase volume of 40.8% was obtained for the Al,O3 coating. The weight
percentage of the TiO, in the alumina matrix allows us to control the phase composition
of the as-sprayed coatings. In contrast, coatings with a higher TiO; content (13 wt.% and
40 wt.%) exhibit additional crystalline phases such as Ti3O5 and Al, TiOs, which, while
enhancing thermal stability, appear to compromise chemical resistance under aggressive
conditions, as evidenced by increased corrosion current densities and micro-scale defects
after exposure to 35% KCl at 500 °C. These findings align with previous studies that indicate
that the oxide coatings function primarily as physical barriers and that protective efficacy
is largely dependent on the coating density, porosity, and integrity. The differences in
corrosion kinetics observed between the various compositions underscore the importance
of optimizing the TiO, content to balance thermal and chemical resistance.

Future research should focus on improving the plasma-spraying parameters and on
the use of agglomerated feedstock powders for the deposition of coatings to enhance
density and produce less porous coatings. This would allow for a wider application of
Al,O3 and Al,O3-TiO; coatings to protect metal surfaces in liquid media from corrosion
and wear.
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