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INTRODUCTION

Erosive wear is one of the main challenges 
in various industrial sectors where components 
are exposed to high-velocity slurry or particu-
late flows. Systems such as pipelines, pumps, 
turbines, and valves [1, 2] often suffer from me-
chanical degradation due to continuous particle 
impacts, leading to significant maintenance costs 
and reduced operational efficiency. Enhancing the 
wear resistance of exposed surfaces is therefore 
a crucial technological goal, particularly through 
advanced protective coatings.

In recent years, plasma-sprayed ceramic coat-
ings have gained attention for their ability to form 
hard, wear-resistant layers [3–5]. Among these, 
titanium dioxide (TiO₂) and its composites are 
widely studied due to their favorable mechani-
cal properties and chemical stability. The incor-
poration of secondary oxides such as chromium 
oxide (Cr₂O₃) into TiO₂ matrices [6, 7] has been 

proposed to further improve hardness, erosion re-
sistance, and coating adhesion.

Building on this context, prior studies have 
examined the mechanisms of erosive wear in both 
ductile and brittle materials. Finnie [8] first ex-
amined erosive wear, which means the breakage 
of particles in a fluid medium as a result of their 
contact with any surface during their movement 
with the fluid, in detail as solid particle wear. In 
another study, he discussed erosive wear on duc-
tile materials [9]. Bitter [10], on the other hand, 
defined wear in solid transport in liquid media 
in two different types as simultaneously acting 
deformation and shear wear, and formulated the 
wear phenomenon according to the mechanical 
and physical properties of the abrasive and the 
abraded material. In another study, he explained 
many erosive wear phenomena with formulas and 
presented findings for the prevention and reduc-
tion of erosive wear in practice [11]. Shipway 
and Hutchings [12] defined erosive wear as the 
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removal of material from a surface by the impact 
of abrasive particles and stated that the rate of ero-
sive wear depends on both the target material and 
abrasive properties and the impact conditions of 
the abrasive. Lindsley and Marder [13] concluded 
that particle velocity is a critical experimental pa-
rameter in erosive abrasion; the effects of differ-
ent velocities on the target material can be easily 
distinguished, and an increase in erosive abrasion 
is obtained by increasing the velocity. Barton [14] 
stated that solid particles such as sand hitting the 
inner surface of the pipe, valves, fittings and other 
components of the system cause mechanical wear 
as well as possible system damage, and that ero-
sive wear is the primary factor that shortens the 
material life of equipment used in industry, espe-
cially in fluid environments where solid particles 
are transported. Regarding the conditions, the 
type of fluid medium, the shape [15], size [16], 
concentration in the fluid, impact angle [17], im-
pact velocity [18], and temperature of the fluid 
medium are considered effective parameters [19], 
while parameters such as toughness and hardness 
are important for the worn material [20]. Many 
studies have been conducted to investigate the ef-
fects of these parameters on both ductile [21] and 
brittle materials. In order to carry out these stud-
ies, many experimental methods and experimen-
tal setups have been developed for the application 
of these methods [22]. For example, Desale et al. 
[23] designed a setup in which the experiments 
were carried out in a chamber, and design mea-
sures were taken to minimize the random move-
ment of abrasive particles. They conducted stud-
ies in which a stirrer (with a downward motion 
of the mixture) was used to minimize the relative 
velocity between the sample and the abrasive par-
ticles. Moreover, they created different conditions 
to measure the effects of abrasive impact angle, 
concentration, velocity, and particle size param-
eters on erosive wear. This chamber experimental 
setup is aimed at predicting erosion of equipment 
such as pipes, elbows, and pumps at reasonable 
concentration ratios and actual flow rates, and 
to obtain more realistic results. In this study, ag-
glomerated TiO₂ and Cr₂O₃ nanopowders coated 
with TiO₂ and TiO₂+Cr₂O₃ coated by air-plasma 
spraying were used to study the erosion induced 
by slag attack on the coatings. The study was car-
ried out at varying particle velocities, the results 
were compared, and the wear was evaluated by 
mass and volume loss. SEM images were also 
taken before and after the study.

EXPERIMENTAL STUDIES

Preparation of abrasive particles and slurry

The percentage distribution of slag particle 
sizes to be used as abrasive was obtained, and it 
was found that approximately 65% of the slag had 
a size ranging from 300 μm to 800 μm. The slag 
was sieved to remove very fine and very large 
particles, after which the average size of the abra-
sive particles was approximately 515 μm.

For each speed condition (2 m/s and 4 m/s), 
two types of coatings were tested: TiO₂ and 
TiO₂+Cr₂O₃. For each type of coating in each 
condition, two samples (n = 2) were prepared and 
analyzed to ensure the statistical reliability of the 
measurements of hardness, roughness, and wear.

The SEM image of the slag, whose chemi-
cal composition was obtained by the TESCAN 
VEGA device at 15 kV, is given in Table 1 and 
shown in Figure 1 before and after the screening 
process. As seen from the SEM image, the abra-
sive particles are irregularly shaped metal parti-
cles. Surface roughness (Ra) was measured using 
a Mitutoyo Surftest profilometer, averaging mul-
tiple points per sample. The friction coefficient 
was determined by a pin-on-disc tribometer under 
controlled load and sliding speed conditions.

Figure 1 shows the SEM image of the slag, 
whose chemical composition was obtained by the 
TESCAN VEGA device. Table 1 shows the slag 
before and after the screening process.

Specimens

Within the scope of this study, experimental 
specimens: TiO₂ nanopowder coated on a titani-
um substrate and TiO₂+Cr₂O3 nanopowder coated 
using the APS method with 190 µm and 250 µm 
thickness (Figure 2) were used. The samples’ 
weight and surface roughness values were mea-
sured before the slurry erosion experiment. Fig-
ure 3 shows SEM images of the sample surfaces 
before the experiment.

Slurry erosion experiments

Before the experiment, the samples were 
cleaned and weighed on a scale to the nearest 
0.0001 mg. The same cleaning process was re-
peated after the experiments. After the samples 
were placed in the holder, they were fixed using 
the fixing bolts. The duration of the experiments 
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was limited to 30 minutes so as not to reduce the 
particle size on the abrasive surfaces.

After the end of the first experiment, the old 
slag was removed from the system, and the new 
slag prepared beforehand was added to the sys-
tem. After the experiments, it was determined that 
approximately 60% of the slag remained within 
the same range of values in terms of particle size, 

and the rest of the slag fell below 300 µm [24]. 
Again, after the experiment, the inner surfaces of 
the sample holders were cleaned with pressurized 
water to prevent the formation of residue inside 
the sample holders. 

Figure 3 shows the surface morphology 
of the samples before the wear tests: (a) pure 
TiO₂ coating, exhibiting a relatively smooth 

Figure 1. SEM images of granulated blast furnace slag: (a) before sieving; (b) after sieving

Table 1. The chemical composition of the granulated blast furnace slag sample [wt%]
O Al C Ti Pb Bi F Se Si Other

[wt%] 46.86 40.12 6.01 1.59 0.96 0.62 0.48 0.38 0.41 2.57

Figure 2. Cross-section of coverings with cover dimensions: (a) TiO₂; (b) TiO₂+Cr₂O3

Fıgure 3. (a) TiO₂ coating; (b) TiO₂+Cr₂O3 coating
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and uniform surface; (b) TiO₂+Cr₂O₃ composite 
coating, demonstrating a rougher texture due to 
the presence of chromium oxide particles.

The slurry was prepared at 2 different ve-
locity values in the present study to investi-
gate these parameters. The 260 rpm and 520 
rpm speeds correspond to 2 m/s and 4 m/s, 
respectively. The stirrer impeller used to pre-
vent the slag from settling to the bottom of 
the hopper also ensured that the mixture had 
a uniform structure. In addition, the propel-
ler blade positions were designed so that the 
slag movements were designed to move from 
the center towards the chamber wall and then 
upwards. During the experiment, four plates 
on the chamber walls prevented the slag par-
ticles from making circular movements in the 

direction of sample rotation. In addition to the 
speed, the solid concentration was selected at 
a different value, 10%. The specimen clamping 
angles were not changed, and the experiments 
were carried out only at the normal impact an-
gle. In the section devoted to the assessment 
of coating wear resistance, the experimental 
parameters presented in Table 3 were used, as 
well as the measurement results presented in 
Table 2.

RESULTS AND DISCUSSIONS

Figure 5 shows the XRD analysis results 
of TiO₂ and TiO₂ + Cr₂O₃ nanocoatings. It is 
known that titanium and oxygen have many 
different compounds (TiO, TiO₂, Ti₃O, Ti₃O₂, 
etc.), and Ti₂O is one of these phases. The pro-
perties of titanium phases depend on the pro-
duction method and composition. By studying 
the phase diagram of Ti-O, it can be seen that 
the TiO₂ phase is formed under conditions 
containing more than 60% oxygen 1 [25]. The 
XRD pattern of the TiO₂ coating layer showed 
that the coating consisted mainly of the rutile 
(R-TiO₂) phase with a small amount of the ana-
tase (A-TiO₂) phase. In the plasma spraying 
process, since most of the TiO₂ powder was 
melted and atomized onto the surface, it is ext-
remely difficult to preserve the structure of the 
metastable anatase phase. In a study conducted 
by Yang et al [26], it was observed that regard-
less of the crystal structure of the powder fed, 
most of the TiO₂ coatings obtained by plasma 
spraying consisted of a rutile phase and con-
tained very little anatase in their structure. In 
addition, the ZrO₂ phase, which was present in 
small amounts in our TiO₂+Cr₂O₃ coating, ori-
ginated from the zirconia lining of the attritor 
during milling. Since no ZrO₂ phases were de-
tected in the TiO₂ coating, it can be concluded 
that the addition of Cr₂O₃ led to slight wear of 
the zirconia lining of the attritor.

Table 2. Surface hardness, weight, and roughness values of the samples
Sample TiO₂ TiO₂+Cr₂O₃ TiO₂ TiO₂+Cr₂O₃

Speed (m/s) 2 2 4 4

Hardness Value [HV-100 kgf] 700 ± 31 964 ± 42 700 ± 31 964 ± 42

Ra [μm] 4.726 5.633 4.793 5.693

Sample front weight [kg] 8.7891 9.1378 9.5462 9.6358

Figure 4. Slurry erosion test apparatus
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Wear quantity

The graphs show the dependence of the fric-
tion coefficient μ on the path L for TiO₂ (a) and 
TiO₂+Cr₂O₃ (b) coatings with an aluminum ball 
as a counterbody. In both cases, a sharp increase 
in μ at the beginning and then its stabilization is 
observed. The sharp increase in μ is due to the 
run-in phase: coating roughnesses are smoothed, 
surfaces are adapted, and wear particles can be 
released. After the formation of a stable contact 
zone, the coefficient of friction stabilizes. The Ti-
O₂+Cr₂O₃ coating shows a slightly higher but sta-
ble coefficient of friction [5, 27] (~0.9) compared 
to TiO₂ (~0.8–0.9). This indicates increased wear 
resistance and improved mechanical stability of 
the composite coating.

As a result of the experiments carried out at 
different speeds, weight losses were measured in 
order to make an accurate comparison due to the 

different values of the core weights of the sam-
ples. The weight losses of the coatings as a result 
of these measurements are summarized in Table 
4: TiO₂ (0.0131 mg) and TiO₂+Cr₂O₃ (0.0099 
mg) at 2 m/s; TiO₂ (0.1131 mg) and TiO₂+Cr₂O₃ 
(0.912 mg) at 4 m/s. In light of these data, it can 
be concluded that TiO₂+Cr₂O₃ coatings exhibit 
resistance to erosive wear. As shown in Table 4, 
the material loss increased linearly with increas-
ing speed. In addition, TiO₂+Cr₂O₃ coatings ex-
hibited the lowest material loss at both speeds 
[6, 27]. This is because Cr₂O₃ has high hardness, 
which improves the mechanical strength of the 
coating. The harder material is less susceptible to 
mechanical failure when exposed to abrasive par-
ticles, which reduces the wear rate. 

As seen in Figures 7 and 8, the average 
roughness values of the worn surface are pre-
sented. The higher surface roughness loss of the 

Table 3. Experimental setup parameters
Sample TiO₂ TiO₂+Cr₂O₃ TiO₂ TiO₂+Cr₂O₃

Speed (m/s) 2 2 4 4

Concentration (wt.%) 10% 10% 10% 10%

Angle (°) 90 90 90 90

t (min) 30 30 30 30

Fıgure 5. XRD spectra analyses
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Fıgure 6. Dependence of the friction coefficient of coatings on the length of the friction path

Table 4. Weight and surface roughness values of the specimens after the test
Sample TiO₂ TiO₂+Cr₂O₃ TiO₂ TiO₂+Cr₂O₃

2 m/s 2 m/s 4 m/s 4 m/s

Weight [kg] 8.7760 9.1279 9.4331 9.5446

Ra [μm] 2.690 3.839 2.903 2.189

Fıgure 7. Surface roughness value and volume loss at 2 m/s speed: (a) TiO₂ coating; (b) TiO₂+Cr₂O3 coating

Fıgure 8. Surface roughness value and volume loss at 4 m/s speed: (a) TiO₂ coating; (b) TiO₂+Cr₂O3 coating
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TiO₂-coated sample compared to the TiO₂+Cr₂O₃ 
coating is explained by the difference in the wear 
degree of the regions.

Wear surfaces

SEM images of the sample top surfaces were 
obtained as a result of the experiments performed 
at 2 m/s for TiO₂ and TiO₂+Cr₂O₃ samples in 
Figure 9 and at 4 m/s in Figure 9. At an impact 
angle perpendicular to the surface (90°), plastic 
deformation is the dominant wear mechanism of 
the specimen surfaces, so deep damage zones oc-
cur. Limited shear abrasion marks, which usually 

occur in angular particle impacts, are very rare 
[23, 24].  As can be seen from the images, the sur-
face of the specimen is smoothed, and the rough-
ness slightly decreases. With the increase in ve-
locity, the coating smoothing caused by abrasion 
is observed on the material surface. The images in 
Figures 7 and 8 for TiO₂ and TiO₂+Cr₂O₃ coatings 
clearly demonstrate this trend.

As can be seen in Figure 10, the surface 
of samples at 4 m/s with TiO₂ and TiO₂+Cr₂O₃ 
coating does not have a homogeneous structure 
as at 2 m/s. Particle inclusions are observed at 
different locations. The results of the percent-
age distribution of elements belonging to the 

Fıgure 9. Surface images at 2 m/s velocity: (a) TiO₂ coating; (b) TiO₂+Cr₂O3 coating

Fıgure 10. Surface images at 4 m/s velocity: (a) TiO₂ coating; (b) TiO₂+Cr₂O3 coating

Fıgure 11. Surface images at 4 m/s velocity and chemical composition of the samples [wt%]: (a) TiO₂ coating; 
(b) TiO₂+Cr₂O3 coating
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linear distribution are summarized in Figure 11. 
As can be seen, the colored areas indicated by 
red lines are areas of particle embedding in the 
coating surface.

CONCLUSIONS

Based on the research conducted, the follow-
ing conclusions can be drawn:
1.	XRD analysis showed that the TiO2 coating 

consists predominantly of the rutile phase with 
negligible anatase content, which is due to the 
thermal stability of the rutile modification dur-
ing plasma spraying. The introduction of Cr2O3 
not only contributed to the preservation of the 
rutile structure but also led to the appearance of 
traces of ZrO2, which indicates slight wear of 
the zirconium lining of the attritor during the 
mechanical grinding process.

2.	This study demonstrates improved wear resis-
tance and mechanical stability of TiO₂+Cr₂O₃ 
composite coatings, as evidenced by the higher 
but stable coefficient of friction observed in 
tribological tests. The initial increase in fric-
tion in the “entry” phase, followed by its sta-
bilization, reflects the typical adaptation of the 
surfaces during sliding. The advantage of the 
TiO₂+Cr₂O₃ coating over pure TiO₂ highlights 
the potential of chromium oxide addition to im-
prove the durability and functionality of ther-
mally sprayed coatings. The results contribute 
to the understanding of wear mechanisms in 
nanopowder-based coatings and open avenues 
for further optimization in applications where 
high wear resistance is critical.

3.	Based on the results of the erosion wear test, 
it can be concluded that with increasing speed 
(from 2 m/s to 4 m/s), there is a significant de-
terioration of the coating structure. At 4 m/s, 
the mass loss of the coating becomes more pro-
nounced and the structure becomes less homo-
geneous, with the formation of particle inclu-
sions at different points. This is also confirmed 
by the results of the percentage distribution of 
elements over the linear distribution. The dark 
areas highlighted by red lines indicate areas of 
particle incorporation into the coating surface. 
Quantitatively, the TiO₂+Cr₂O₃ coating showed 
approximately 25% less mass loss than the 
TiO₂ coating at 2 m/s, and around 12% less at 4 
m/s, confirming its superior erosion resistance. 
These data highlight the importance of rate 

control during testing to minimize wear loss 
and provide a more stable coating structure.

4.	The improved surface properties and wear re-
sistance of TiO₂+Cr₂O₃ coatings emphasize 
their practical applicability in industrial com-
ponents exposed to erosive environments, such 
as pumps, valves, and pipeline systems. These 
coatings are especially promising for use in 
mining and hydrometallurgical operations 
where slag erosion and cavitation are com-
mon. Future research will focus on enhancing 
their performance under such complex service 
conditions.

Overall, the study showed that the addition of 
Cr₂O₃ to TiO₂ coatings improves their wear resis-
tance and mechanical stability. An increase in the 
erosive wear rate leads to the deterioration of the 
coating structure, which emphasizes the impor-
tance of parameter control during testing. The find-
ings open up opportunities for further optimization 
of coatings in applications where high wear resis-
tance is critical. These findings highlight the tech-
nological relevance of thermal spray coatings for 
erosion-prone environments, offering improved 
surface hardness and durability. Future studies will 
focus on optimizing the microstructure of compos-
ite coatings and evaluating their performance un-
der cavitation erosion conditions.
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