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 Abstract:  Ceramic materials are widely used in various industrial applications on components exposed to high 
temperature, wear, and corrosive conditions. Nowadays, nanostructured materials are of particular scientific 
interest because of their physical and mechanical properties, which are superior to those of conventional 
materials. Plasma spraying is one of the surface engineering techniques for depositing of the coatings with 
wide variety of properties necessary for industrial use. The work is concerned with a study of the microstructure 
and tribological properties of plasma sprayed coatings with nanostructured and conventional Al2O3-13TiO2 
powders. The coatings were sprayed by means of a Plancer PN-120 plasma system. A T-01 ball on disc 
tribological tester was used to study their coefficient of friction on the basis of the friction force obtained in 
the course of continuous measurement at a set load. Results of investigations were compared with properties 
of the coatings sprayed with standard Al2O3-13TiO2. The nanostructured Al2O3-13TiO2 coating showed the 
lower coefficient of friction in comparison to the coatings sprayed from the conventional powder.

 Słowa kluczowe:  nanostruktura, współczynnik tarcia, naprężenia własne, natryskiwanie plazmowe.

 Streszczenie:  Materiały ceramiczne są szeroko stosowane w różnych zastosowaniach przemysłowych na częściach maszyn, 
które są narażone na wysokie temperatury, zużycie oraz korozję. Obecnie materiały nanostrukturalne znalazły 
się w obszarze szczególnego zainteresowania z powodu ich właściwości fizycznych i mechanicznych, które 
są znacznie lepsze od materiałów konwencjonalnych. Natryskiwanie plazmowe jest jedną z technik inżynierii 
powierzchni umożliwiającą osadzanie powłok o różnych właściwościach dla zastosowań przemysłowych. 
W artykule przedstawiono badania mikrostruktury i właściwości tribologicznych powłok natryskanych pla-
zmowo z nanostrukturalnego i konwencjonalnego proszku Al2O3-13TiO2. Powłoki zostały natryskane przy 
użyciu systemu plazmowego Plancer PN-120. Tester tribologiczny T-01 typu kulka – pierścień został użyty do 
zbadania współczynnika tarcia na podstawie pomiaru siły tarcia otrzymanej w wyniku ciągłego pomiaru przy 
ustalonym obciążeniu. Wyniki badań zostały porównane z właściwościami powłok natryskanymi plazmowo 
z konwencjonalnego proszku Al2O3-13TiO2. Powłoki nanostrukturalne wykazały niższy współczynnik tarcia 
w porównaniu z powłokami natryskanymi z proszku konwencjonalnego.
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INTRODuCTION

Obtaining a coating with a determined structure and 
a phase composition determines, in a significant way, its 
properties, and applicability to the needs of the industry. 
Ceramic layers are commonly used and most often 
produced by plasma spraying. Plasma nanostructured 

coatings of Al2O3-TiO2 are intensively studied materials 
[L. 1–7]. The research concerns both coatings made 
from conventional and nanostructured powders, which 
represent a new generation of plasma-based coatings. 
These coatings are characterized by special tribological 
properties, wear resistance under sliding friction 
conditions, and abrasive wear. Plasma spraying is 
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a method of producing of a high-performance coating 
particularly resistant to abrasive wear and erosion.

This technology is intended to enhance other 
performance features (e.g., the conduction or isolation 
of electric current) of mechanical components. It fits 
well into the global trend of lowering production costs, 
saving raw materials and energy, while providing better 
usability than existing technologies. This method allows 
for the regeneration of used parts and parts of machines, 
which is very important because of the saving of costly 
materials and energy, and reducing the burdens of 
production processes for the environment.

With the development of new spraying methods, 
powdered materials are becoming increasingly important, 
and their quality is very important. Powder particles are 
required to have a similar spherical shape of similar size, 
which facilitates stable powder feeding to the device, 
which is necessary to ensure the high repeatability of 
coating properties. Currently, extensive research into the 
manufacture of nanometre-sized powders is underway 
worldwide. The most dynamically developing are 
composite powders, more and more widely used in the 
art, since the coatings sprayed on them have much better 
properties than coatings with conventional materials. 
There is a high demand for wear resistant coatings, 
which are characterised by a low coefficient of friction. 
A high abrasion resistance, high corrosion resistance, 
and favourable mechanical properties allow these 
coatings to be used in many industries [L. 8–11].

METHODOLOGY

The characteristics of Al2O3-TiO2 coatings produced 
from nanometric (N) and micrometric (S) powders 
are presented. 450–850 μm thick films were deposited 
on steel substrates by plasma spraying by means of 

the Plancer PN-120 plasma system. The characteristics 
of sprayed powders are also presented. Phase analysis 
and self-stress measurements in coatings were performed 
by X-ray diffraction using a Bruker D8 diffractometer 
using CoKα filtered radiation. Phase identification was 
made in the EVA program (Bruker). Residual stresses 
were determined using sin2ψ method by measuring of 
the elastic deformation of the crystal lattice using the 
computer program Stress [L. 12] and single crystal 
elastic constants [L. 13]. The microstructure of the cross-
sections of the tested coatings was performed using FEI 
E-SEM XL30 and FEI QUANTA 3D FEG scanning 
electron microscopes. Analyses and representations 
of chemical compositions were made using an X-ray 
energy dispersion (EDS) spectrometer using 15 keV 
accelerating voltage. A T-01 M ball-on-ring tribotester 
was used to determine the coefficient of friction for the 
plasma sprayed coatings. The diameter of the 100Cr6 
bearing steel ball was 6 mm. The ring-shaped samples 
were sprayed and subsequently ground as well as 
polished for one hour. The tests required registering and 
controlling the action of the friction force as a function 
of time. The parameters for the T-01M tester were as 
follows: load P = 4.9 N, linear velocity v = 0,1 m/s, and 
distance – 2000 m. The morphology of the coatings after 
polishing was analysed by means of a Talysurf CCI-Lite 
non-contact 3D profiler.

RESulTS  AND  DISCuSSION

Characteristics of Al2O3-13TiO2 powders

The coatings were prepared by standard plasma spraying 
of Al2O3-13TiO2 S (Figure 1) and with nanometric 
dimensions – Al2O3-13TiO2 N (Figure 2). Figure 3 
shows the X-ray diffraction patterns of the powders 

Fig. 1.  Morphology of Al2O3-13TiO2 S powder grains
Rys. 1.  Morfologia proszku Al2O3-13TiO2 S o wymiarach konwen-

cjonalnych
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used. Phase analysis and chemical composition of EDS 
revealed a different composition and shape of used 
powders. Al2O3-13TiO2 S powder consisted exclusively 
of irregular particles of α-Al2O3 and TiO2 (rutile). 
Al2O3-TiO2 N powder, in addition to α-Al2O3 and TiO2, 
contained ZrO2 nanoparticles (~ 5% wt.) and CeO2 
(~ 5% wt.) and was present in the form of agglomerates 
with a diameter of about 10–50 μm. The agglomerate 
creation is necessary because very small molecules do 
not have enough momentum to enter the plasma stream 
and reach the surface of the substrate. In the case of the  
Al2O3-13TiO2 N composite, this is achieved by dispersion 
of aluminium oxide and titanium oxide in a binder liquid 
followed by spray drying [L. 10].

Microstructure of coatings

The microstructural analysis of the coatings was 
based on X-ray measurements and observations using 
a scanning electron microscope. X-ray phase analysis 
in coatings showed the presence of α-Al2O3, TiO2, and 
γ-Al2O3 phases. As can be seen from the X-ray diffraction 
patterns shown in Figure 4, the amount of γ-Al2O3 phase 
was significantly higher in the Al2O3-13TiO2 S coating.

The SEM microstructures of the cross-sections 
and the surface of the tested Al2O3-13TiO2 S coatings 
are shown in Figure 5, while the Al2O3-13TiO2 N 
coatings in Figure 6. The coatings have good adhesion 
to the steel substrate, but non-uniformly shaped pores 
are visible.

Fig. 2.  Morphology of Al2O3-13TiO2 S powder grains: a) 2000×, b) 40 000×
Rys. 2.  Morfologia proszków Al2O3-13TiO2 S o wymiarach manometrycznych: a) 2000×, b) 40 000×

Fig. 3.  xRD patterns of  Al2O3-13TiO2 N and Al2O3-13TiO2 S powders
Rys. 3.  Dyfraktogramy rentgenowskie proszków Al2O3-13TiO2 N i Al2O3-13TiO2 S

a) b)
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The microstructure of Al2O3-13TiO2 S coatings 
obtained by plasma spraying of powders with several 
tens of micrometres (Fig. 2) is shown in Figure 5. The 

Fig. 4.  xRD patterns of Al2O3-13TiO2 N and Al2O3-13TiO2 S coatings
Rys. 4.  Dyfraktogramy rentgenowskie powłok Al2O3-13TiO2 N i Al2O3-13TiO2 S

cross sections of this coating reveal the areas enriched 
in aluminium and titanium. The strips of the titanium 
phase are clearly visible in the alumina matrix. In the 

Fig. 5.  Microstructure of Al2O3-13TiO2 S coating: a) cross-section 500×, b) cross-section 1000×, c) surface
Rys. 5.  Mikrostruktura  powłoki Al2O3-13TiO2 S: a) zgład poprzeczny 500×, b) zgład poprzeczny 1000×, c) po-

wierzchnia

a) b)

c)
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Fig. 6.  Microstructure of Al2O3-13TiO2 N coating: a) cross-section 500×, b) cross-section 1000×,  
c) surface

Rys. 6.  Mikrostruktura  powłoki Al2O3-13TiO2 N: a) zgład poprzeczny 500×, b) zgład poprzeczny 1000×,  
c) powierzchnia

a) b)

c)

Fig. 7.  Morphology of Al2O3-13TiO2 S coating and corresponding representations 
of chemical composition of elements: a) cross-section, b) Al, c) O, d) Ti

Rys. 7.  Morfologia oraz odpowiadające jej mapy składu chemicznego pierwiastków  
w powłoce  Al2O3-13TiO2 S: a) zgład poprzeczny, b) Al, c) O, d) Ti

a) b)

c) d)
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case of conventional coatings, the material particles are 
completely melted prior to impact on the substrate, and 
the observed microstructure of the coatings results from 
rapid solidification of the molten droplets striking the 
surface. The X-ray diffraction patterns shown in Figure 4  
reveal the γ-Al2O3 phase with a regular structure, 
which is probably formed by the rapid cooling of the 
molten Al2O3 particles. γ-Al2O3 has a lower energy 
barrier for nucleation than α- Al2O3, which results in its 
preferred nucleation [L. 14]. Al2O3-13TiO2 N coatings 
are characterised by a different microstructure. Cross-
sectional areas are visible from fully melted particles 
(as in the case of conventional powder coatings) and 
from areas where there are partially melted or unmelted 
nanoparticles of the feedstock (Fig. 6).

The difference between the material formed from 
the melted and crushed particles of the coating material 
and the nanostructure formed from particle agglomerates 
is due to the difference in the homogeneity of the 
molten particles. In the first case, the fluid formed from 
the melted and crushed particles contains aluminium 
enriched areas and titanium enriched areas, which well 
reflects the chemical composition representations shown 
in Figure 7 obtained using the EDS detector.

In the case of the coating composed of nanoparticle 
agglomerates, a more uniform  distribution of elements 
is observed, both in areas formed from the completely 
melted material as well as in places where unmelted 
particles are present (Fig. 8). Small differences in the 
distribution of elements are observed at the boundaries 
of the agglomerates of the matrix particles.

Fig. 8.  Morphology of Al2O3-13TiO2 N coating and corresponding representations of chemical composition of elements
Rys. 8.  Morfologia oraz odpowiadające jej mapy składu chemicznego pierwiastków w powłoce  Al2O3-13TiO2 N

Stress analysis and hardness of coatings

The results of residual stresses measured at 3 locations 
in the coatings given in Table 1 show that they are of 
tensile stress. In the coating obtained from powders of 

nanometre size Al2O3-TiO2 N, the lower residual stress 
values than in Al2O3-TiO2 S coatings are observed.

The tested Al2O3-13TiO2 coatings that thermal 
sprayed from S and N powders are similar in hardness. 

Table 1.  Residual stresses and hardness of plasma sprayed Al2O3-13TiO2 coatings
Tabela 1.  Wartości naprężeń własnych oraz twardości w powłokach Al2O3-13TiO2
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Hardness measurements HV0.5 were made on the  
coating cross-sections using a Zwick/Roell ZHU250 
device. Hardness measurements show significant 
scattering, which is related to the construction of the 
coatings. A small load was applied to measure hardness 
values to ensure the proper correlation of results 
with the real properties of the coating not including 
microstructure defects like pores and voids. The result is 
an average of 7 measurements (Table 1).

Fig. 9.  Changes in residual stresses in coatings as a function of penetration depth: a) Al2O3-13TiO2 S, b) Al2O3-13TiO2 N
Rys. 9.  Zmiana wartości naprężeń własnych w funkcji głębokości wnikania w powłokach: a) Al2O3-13TiO2 S b) Al2O3-13TiO2 N

Fig. 10. Surface morphology of plasma sprayed coatings after polishing: a) Al2O3-13TiO2 S, b) Al2O3-13TiO2 N
Rys. 10. Morfologia natryskanych plazmowo powłok po polerowaniu: a) Al2O3-13TiO2 S, b) Al2O3-13TiO2 N

Results of ball on disc tests

Before ball on disc tests, the surface of plasma sprayed 
coatings were polished [L. 15]. Measurements of 
morphology of sprayed coatings showed that the 
arithmetic mean of the surface height Sa of the 
polished coating was nearly two times higher for the  
Al2O3-13TiO2 S coating than for the nanostructured 
coating, which was 0.095 mm and 0.052 mm, 
respectively (Figs. 10a and 10b).

a)

b)

a) b)
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Figure 11 presents changes in the coefficient of 
friction for both plasma sprayed Al2O3-13TiO2 coatings. 
There is typical trend in two studied coatings. For  
Al2O3-13TiO2 S coating, during the first 100 m, the 
coefficient of friction grows rapidly, and it rises to the 
higher value during the running-in stage. Then, after  

800 m, it reaches an almost constant value of 0.62. In the 
case of Al2O3-13TiO2 N coatings, the friction coefficient 
shows an unstable initial plateau at the first 200 m, 
and then becomes steady. Then, after 400 m, it slightly 
increases and reaches 0.52, which indicates a relatively 
steady-state wear mechanism.

SuMMARy

The paper analyses the microstructure of plasma 
sprayed coatings made of Al2O3-13TiO2 conventional 
(S) and nanometric (N) powders. Cross-sections of the 
analysed coatings reveal the pores of varied shape, but 
the coatings have good adhesion to the steel substrate. 
Al2O3-13TiO2 S and Al2O3-13TiO2 N coatings have 
a different microstructure. The difference between the 
microstructure formed from the melted and crushed 
particles of the coating material and the nanostructures 
formed from the agglomerates of the particles is due to 
the difference in homogeneity of the molten particles. 
Cross-sections of the Al2O3-13TiO2 N coatings present 
the areas formed from completely melted particles, 
similarly as in the case of Al2O3-13TiO2 S coating, as 
well as regions in which partially melted or unmoulded 
powder nanoparticles are present. Both types of coatings 

contain a γ-Al2O3 phase, but the larger amount is 
visible in the Al2O3-13TiO2 S coating. Residual stresses 
determined in the tested coatings are tensile. The obtain 
results show that the coatings formed from particle 
agglomerates are characterised by good properties, i.e. 
a low level of residual stresses and high hardness.

Measurements of the morphology of both plasma 
sprayed coatings show that the arithmetic mean of 
the surface height Sa of the polished coating is nearly 
two times higher for the Al2O3-13TiO2 S coating than 
for the nanostructured coating. The nanostructured  
Al2O3-13TiO2 coating exhibits better tribological 
properties than the conventional Al2O3-13TiO2 coating. 
The coefficient of friction for the plasma-sprayed 
nanostructured Al2O3-13TiO2 coating is relatively stable 
and is 20% lower than for the coating sprayed with 
conventional powder.

a)

b)

Fig. 11. The coefficient of friction for the plasma sprayed coatings: a) Al2O3-13TiO2 S, b) Al2O3-13TiO2 N
Rys. 11. Współczynnik tarcia dla natryskanej plazmowo powłoki: a) Al2O3-13TiO2 S, b) Al2O3-13TiO2 N
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