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Titanium dioxide (TiO,) is a multifunctional oxide that is an interesting material for many technological applications. This paper
presents the mechanical properties and microstructure of TiO; coatings resistant to dry sliding friction, corrosion, grain abrasion
and erosion of particles at operating temperatures up to 540 °C. Layers of TiO, coatings have been successfully deposited on
test samples of steel C.4171 (X15Cr13 EN10027) using the atmospheric plasma spray (APS) process with plasma gun distances
of 100 mm and 110 mm from the substrate. The APS procedure is used to produce relatively thick coatings of biocompatible
and antibacterial TiO, ceramic coatings for orthopedic applications. The coatings were deposited using the Plasmadyne com-
pany plasma spray system and Metco 102 powder, whose particles have an angular morphology produced by the melting and
grinding cast blocks. The evaluation of the mechanical properties of the layers was made using the microhardness testing
method HV; and the tensile bond strength by tension testing. The analysis of the microstructure of the sprayed TiO, coating
layers was made in accordance with the Pratt & Whitney standard, using optical microscopy (OM). The morphology of the pow-
der particles, the surface of the deposited coating and the coating fractures were examined by scanning electron microscopy.
Tests have shown that the layers of TiO, coatings deposited with a plasma spray distance of 110 mm have good mechanical
properties and microstructure, which allow its use in the development of biomedical implants.
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Titanov dioksid TiO, je vecfunkcionalni (vecopravilni) material, ki je zanimiv za uporabo v mnogih tehnoloskih aplikacijah. V
tem clanku avtorji predstavljajo mehanske lastnosti in mikrostrukturo TiO, plasti, odpornih proti suhemu drsnemu trenju,
Koroziji, abraziji kristalnih zrn in eroziji z delci do temperatur 540 °C. Plasti TiO; so avtorji uspesno nanesli na podlago iz jekla
C.4171 (X15Cr13 EN10027) s postopkom atmosferskega plazemskega naprSevanja (APS) s plazemsko pusko oddaljeno 100 oz.
110 mm od podlage. Z APS-postopkom so izdelali relativno debel nanos biokompatibilne in antibakterijske plasti TiO»,
uporabne v ortopediji. Za nanos vzor¢nih plasti na jekleno podlago so uporabili plazemski sistem podjetja Plasmadyne in TiO,
prah Metco 102, ki je imel nepravilno in ostrorobo obliko (morfologijo). Izdelan je bil s postopkom mletja litih blokov.
Mehanske lastnosti nanosa so ovrednotili z dolocitvijo njegove mikrotrdote HV,3 in natezne trdnosti vezi med nanosom in
podlago. Analizo mikrostrukture naprienih TiO, plasti so izvedli s pomocjo opti¢ne mikroskopije v skladu s standardom Pratt &
Whitney. Morfologijo prasnih delcev, povrsino plazemsko naprSenih nanosov in njihove prelome so analizirali s pomocjo
vrsti¢nega elektronskega mikroskopa. Testi so pokazali, da imajo izdelane plasti TiO,, naprSene s plazmo z razdalje 110 mm,
dobre mehanske lastnosti in ustrezno mikrostrukturo, ki dovoljuje njihovo uporabo za biomedicinske vsadke (implantate).

Kljuc¢ne besede: atmosfersko plazemsko naprSevanje, mikrostrukture, mikrotrdota, trdnost vezi, titanov dioksid
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1 INTRODUCTION

Coatings of pure titanium dioxide (TiO,) are multi-
functional due to their good properties such as high hard-
ness, density, tensile bond strength, chemical stability,
resistance to oxidation and wear, good biocompatibility
and antibacterial properties, and photo-electrochemical
properties and a high dielectric constant.'-* Due to these
properties TiO, is widely used in the development of bio-
medical implants, solar cells, photo-catalysts, corrosion
protection and chemical oxidation, in optics, electronics,
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etc.”!® When using TiO, in biomedicine, it was found
that an implant with a surface of a bio-ceramic coating
such as TiO,, can accelerate the process of healing of the
bone, so that it increases long-term implant fixation and
stability.!!12 TiO, deposits are generally considered
bioinert as they do not initiate interactions in contact
with biological tissues. This makes them superior to
other biomedical coatings, primarily because of their ex-
cellent corrosion resistance and high adhesion to various
base materials.!® TiO, coatings are widely used to protect
against abrasion, erosion and friction wear either in pure
form or in combination with other compounds up to tem-
peratures <540 °C.!"* TiO, powders of different labels of
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Metco produced by melting and subsequent grinding of
the cast blocks are similar in chemical composition,
manufacturing process and the morphology of the pow-
der particles. Powders differ in the particle size distribu-
tion, which has an influence on the density of the coat-
ing. A smaller distribution of granules and finer powders
produced thicker coatings. For wear and corrosion,
harder and denser coatings are preferred. For applica-
tions that require a thicker coating, some level of poros-
ity must be present in the coating. However, the porosity
can be controlled with relatively minor changes in the
spray parameters.'* Titanium dioxide TiO, occurs in
three crystal forms: anatase, rutile and brookite. The
most common natural form of TiO, is rutile, and for
better durability anatase and rutile are used in practice.
Rutile and anatase crystallize in a tetragonal crystal
form, while brookite crystallizes have an orthorhombic
crystal form. The most common form of TiO, in nature,
and also the most thermodynamically stable, is rutile. By
heating anatase or brookite at a high enough tempera-
ture, they turn into a thermodynamically more stable
modification, rutile.!> Anatase is not thermodynamically
stable, it is kinetic, and when heated to a temperature of
550 °C to 1000 °C, depending on the impurities, it
moves immediately to the equilibrium rutile phase. TiO,
coatings deposited by atmospheric plasma spraying, with
a powder in a well molten state, consist of a basic rutile
phase and an anatase phase of about 10 % to 15 %.'%"7
The x-ray diffraction (XRD; Cu-K, radiation) of TiO,
coatings, deposited by atmospheric plasma spraying,
show that in the microstructure of TiO, coatings rutile
dominates as the main phase. However, in addition to
rutile in the microstructure of the coating present are,
phases such as anatase/brookite and the Magneli phase.!®
When TiO; is heated and melted in a reduction atmo-
sphere such as the atmosphere of a plasma jet containing
H,, TiO, oxide is easily reduced to lower valence oxides
such as the Magneli phase Ti,Ox.1 (n = 4 to 10).!"° The
Ti40; Magneli phase present in the microstructure of the
coating is the result of high temperature and the reducing
atmosphere of the plasma jet.'® The structure and me-
chanical properties of TiO, coatings are directly related
to the depositing parameters. The powder coating pro-
cess parameters affect the microstructure of coatings,
which are very important for various applications.??!
The microstructure of the coating affects the microhard-
ness, toughness, tensile bond strength, and the behavior
of the coating in service.?>?

Plasma spray TiO, coatings play an important role in
the design of engineering components in order to in-
crease their durability and performance under different
operating conditions. In this study layers of TiO, coat-
ings were deposited using plasma spraying under atmo-
spheric pressure at plasma spray distances of 100 mm
and 110 mm. The aim of this study was to investigate the
mechanical properties and microstructure of the coating
layers of titanium dioxide (TiO,), which will be applied
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in the production of biomedical implants. The micro-
structure of the coatings was analyzed by light
microscopy, and the morphology of the powder, coating
surface and fracture morphology was analyzed on the
SEM (scanning electron microscope).

2 MATERIALS AND EXPERIMENTAL PART

Powder Metco 102 of the company Sulzer Metco was
used for the depositing and analyzing of the layers of
TiO, coatings. The oxide powder TiO, was produced by
the method of melting and subsequent grinding of the
cast blocks to various granulation sizes. The melting
point of TiO, powder is 1843 °C. For this study, the pow-
der used had a granule range of 11-45 um.'* Figure 1
shows an SEM image of the morphology of the TiO,
powder particles. The SEM micrographs show that the
TiO, powder grains have an irregular and angular shape
with sharp edges.

The samples for microhardness testing and micro-
structure evaluation were made of C.4171 (X15Crl3
EN10027) steel in a thermally unprocessed state, size
70 mm x 20 mm x 1.5 mm, and for testing bond tensile
strength size @25 mm x 50 mm according to the Pratt &
Whitney standard.?* The investigation of the microhard-
ness of layers of the TiO, coatings was made using the
method HVO0.3. The measurements were taken in the di-
rection along the lamellae in the middle and at the ends
of the sample. Five readings were made at three measur-
ing points, and the paper shows the mean value of the
microhardness. Testing of the tensile bond strength was
carried out at room temperature on hydraulic equipment
at a rate of 10 mm/min. Tested were five specimens, and
the paper shows the mean value. Microstructural analysis
of the coatings was performed under a light microscope.
Determining the share of pores in the coating was done
by analyzing five photographs at 200x magnification.
Through tracing paper micro pores were labeled and
shaded and their total surface was calculated in regard to
the total surface of the micrographs. The percentage
share of pores in the coating was measured by software
analysis of OM images. This paper shows the mean val-
ues of the share of the pores. The morphology of the

Figure 1: SEM of TiO; powder particles
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powder particles, coating surface and coating fracture
was analyzed under an SEM. The TiO, powder was de-
posited with a robotic plasma-spray system, from
thecompany Plasmadyne, and a plasma gun SG-100,
which is fully automated with controlled plasma-spray
parameters. The plasma gun SG-100 is composed of a
cathode type K 1083-112, anode type A 2083-155 and a
gas injector type GI 1083 — 113. Argon (Ar) in combina-
tion with hydrogen (H,) was used as a plasma gas with
up to 40 kW of power. The TiO, coating layers were de-
posited at a stand-off distance of 100 mm and 110 mm of
the plasma gun from the substrate. Other parameters of
the plasma-spray deposition of the TiO, powder were
constant and are presented in Table 1. Before the process
of depositing the surface of the substrate was roughened
with white corundum particles size 0.7-1.5 mm. Coat-
ings were formed with thicknesses from 0.30 mm to
0.32 mm.

Table 1: Plasma spray parameters

Deposition parameters Values
Plasma current, / (A) 750 | 750
Plasma voltage, U (V) 45 45
Primary plasma gas flow rate, Ar (L/min) 50 50
Secondary plasma gas flow rate, He (L/min) 8 8
Carrier gas flow rate, Ar (L/min) 7 7
Powder feed rate (g/min) 40 40
Stand-off distance (mm) 100 110

3 RESULTS AND DISCUSSION

The TiO, coatings had different values of microhard-
ness and tensile bond strength, depending on the
stand-off distance of the plasma gun from the substrate.
The layers of TiO, coating deposited with a smaller
plasma distance (100 mm) had a lower value of micro-
hardness 785HV0.3. The TiO, layers deposited with a
plasma distance of 110 mm measured a higher micro-
hardness value of 823HVO0.3. Different values of micro-
hardness in the deposited TiO, layers are the result of
different amounts of micro-pores in the coating. This
was confirmed by image analysis while determining the
total content of micro pores in the deposited layers. In
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Figure 2: OM micrograph of plasma-sprayed coatings of TiO, with
plasma-spray distance of 100 mm
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examining the coatings for tension, all the coatings were
destroyed at the substrate/coating interface due to good
preparation of the substrate and a good bond of depos-
ited layers with the substrate. The measured values of the
tensile bond strength were directly dependent on the
plasma-spray stand-off distance. TiO, coatings deposited
at a smaller distance (100 mm) had a lower value of ten-
sile bond strength of 29 MPa. The smaller distance of the
plasma gun resulted in shorter retention of the powder
particles in the plasma, which resulted in lesser melting
of the powder particles relative to the coating deposited
with the larger plasma spray distance. The coatings de-
posited from the plasma spraying with the larger
stand-off distance had a greater bond strength value of
36 MPa, which indicates that there is a smaller content of
pores present in them, as confirmed by the analysis of
the images from the light microscope. The mechanical
properties of the deposited layers of oxide ceramics TiO,
with a plasma distance of 110 mm are good and they in-
dicate that the applied powder was deposited with the
optimal deposition parameters. The measured values of
the mechanical properties were consistent with the
microstructure of the deposited layers, which the analy-
sis of the microstructures with optical and scanning elec-
tron microscopes confirmed.

Figures 2 and 3 show the microstructure of layers of
the TiO, coating deposited with a plasma gun at dis-
tances of 100 mm and 110 mm. The metallographic anal-
ysis of the coatings showed that the microstructure of the
ceramic TiO, coatings was affected by the plasma-spray-
ing distance.

The microstructure of the TiO, oxide coating depos-
ited with a plasma spray spacing of 100 mm, which had
lower values of microhardness and bond strength, indi-
cates that in the deposited layers there are higher propor-
tions of pores. Analyses of the images showed that the
proportion of pores in the layers was 5.2 %. The micro-
structure of the coatings deposited with a plasma-spray
spacing of 110 mm, which had better mechanical proper-
ties, indicates that there is a smaller share of pores in the
layers. The larger plasma-spray distance enabled the ce-
ramic particles to melt better and also be deposited more
evenly on the base with a smaller share of pores of 3.8 %
due to prolonged time in the plasma. Completely molten
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Figure 3: OM micrograph of plasma-sprayed coatings of TiO, with
plasma-spray distance of 110 mm
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powder particles are more easily deformed and more reg-
ularly shape lamellae in collision with the substrate and
previously deposited layer. In this way, in the coating,
layers are formed with a lower content of the pores hav-
ing greater cohesive strength and the tensile bond
strength. The micrographs clearly show the inter bound-
aries of the joint between the coating layers and the sub-
strate. The inter boundaries are clean, which indicates
good surface preparation of the substrate prior to the
powder depositing process. At the inter boundary, after
roughening, there are no remains of corundum particles
present, which allowed good adhesion of the deposited
coating layers with the substrates. Along the inter bound-
ary there were no discontinuities of deposited layers or
defects such as micro and macro cracks, peeling and
flaking of the coating from the surface of the substrate.
The layers are uniformly deposited on the substrates.
There are no micro- or macro-cracks present in the coat-
ing layers.

Figure 4 shows an OM micrograph of the coating de-
posited with a plasma-spray distance of 110 mm at a
higher magnification, to more clearly show the micro-
structure of the coating in the deposited state.

In the microstructure of the coating, clearly visible
are dark and light lamellae of titanium oxide which differ
in nuances. The microstructure is dominated by the main
rutile phase with which, due the well-melted powder par-
ticles, also present is the anatase phase.!®!” In addition to
the rutile and anatase phases, the brookite phase is also
present in the microstructure of the coating.!® Due to the
reductioning atmosphere, which is derived from the sec-
ondary H, gas, and the high temperature of the plasma
jet, the microstructure of the coating also contains the
Ti4O; Magneli phase. TiO, is, due to hydrogen, always
and easily reduced (Ti,O.1 n = 4 to 10) to a lower va-
lence oxide Ti,O7.'*! The microstructure clearly shows
the pores of irregular shape indicated by yellow arrows.
There were no non-melted powder particles in the coat-
ing, which confirms that the powder particles were de-
posited with the optimum deposition parameters.

=X

T102 (rutile + anatase/brookite + magneli)

\ //\\

Micro pores

Figure 4: OM micrograph of plasma-sprayed coatings of TiO, with a
plasma-spray distance of 110 mm
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Figure 5: SEM micrographs of TiO; coating surface

Figure 5 shows the SEM micrograph of the surface
of the TiO, coating deposited with a plasma spray dis-
tance of 110 mm. Analysis of the surface morphology of
the TiO, coating showed complete melting and proper
dispersal of the powder particles. In the SEM micro-
graphs the boundary between the dispersed melted parti-
cles is marked by a red line. On the surface of the coat-
ing there are no coarse pores observed. The SEM
micrographs clearly show the fine pores circled in yel-
low. On the coating surface are clearly visible fine pre-
cipitates circled in green, size up to 5 um, which were
formed by breaking off of the ends of the molten drops
in collision with the substrate. The broken-off ends of
the drops of molten particles harden as a sediment in the
deposited coating layers.

Figure 6 shows micrographs of the fracture of the
layers of TiO, coatings deposited with a plasma spray
spacing of 110 mm. At the fracture line is the morphol-
ogy of the TiO, coatings fracture. The coating fracture is
brittle, which is a characteristic of ionic crystals.
Through the coating layers are clearly visible micro
cracks on the inter boundaries of the lamellae and
through the lamellae caused by the transverse fracture of
the coating. The micrographs clearly show the inter-
lamellar pores, size up to 10 pm, which are present
throughout the cross-section of the coating and did not
significantly affect the cohesion and adhesion strength.

Figure 6: SEM of TiO, coating fracture morphology

Materiali in tehnologije / Materials and technology 54 (2020) 6, 807-812
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4 CONCLUSIONS

Using the atmospheric plasma spray (APS) process
coatings of titanium dioxide, TiO,, were deposited at
plasma-gun distances of 100 mm and 110 mm from the
substrate. The thickness of the deposited coatings was
0.30 mm to 0.32 mm. The mechanical properties of the
coating were investigated and the microstructures of the
deposited layers were analyzed on the optical micro-
scope (OM) and the scanning electron microscope
(SEM), based on which the following conclusions were
made.

The mechanical properties of the TiO, coatings and
the microstructure of deposited layers were influenced
by the distance of the plasma gun from the substrate. The
greater distance of the plasma gun from the substrate in-
creased the mechanical characteristics and improved the
microstructure of the deposited layers of TiO, due to lon-
ger retention of the powder particles in the plasma,
which then allowed better melting of the powder. With a
greater plasma distance, coatings with higher values of
microhardness 823HV0.3 and tensile bond strength of 36
MPa were deposited. The coatings deposited with a
smaller plasma-gun distance, due to shorter retention of
powder in the plasma, had a lower microhardness value
of 785HV0.3 and tensile strength 29 MPa. The values of
the microhardness and the tensile strength of the joint
were in correlation with their microstructures.

The structure of the deposited TiO, coatings is
lamellar. Micro pores are present in the coatings. The
layers deposited at a plasma distance of 100 mm had a
5.2 % share of pores, and the layers deposited with a
plasma distance of 110 mm had 3.8 % micro pores. The
microstructure of TiO, the coatings deposited with
well-melted powder with a 110 mm plasma distance con-
sisted of the dominant rutile phase and anatase phase. In
addition to the rutile and anatase phases, the brookite and
Magneli phases are also present in the microstructure of
the coating. The TiO, at high temperature in a reducing
atmosphere of H, was easily reduced Ti,O,1 (n = 4 to
10) to the lower-valence Magneli oxide TisO5.
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