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Abstract

In this work, the tribological behaviour of thermally sprayed titanium and
chromium ceramic-based coatings was investigated under abrasive conditions.
Their structure was studied by a scanning electron microscope (SEM), while their
hardness was evaluated using a microhardness tester. To study the strength of
these ceramic coatings under abrasion conditions, reciprocating sliding
experiments were carried out in a high-precision (10 mN resolution, 1000 Hz data
acquisition) pin-on-disk apparatus and by using a @6 mm corundum ball to
generate high contact pressures (1.5 GPa). To thoroughly investigate the friction
evolution of the tribo-system, three-dimensional mapping of the tangential friction
forces (triboscopy) was performed. Following the abrasion experiments, the wear
of these coatings was measured using confocal microscopy. The obtained friction
and wear results were compared to state-of-the-art materials and coatings that
are currently being used in various industrial applications. From this comparison, it
was found that the titanium and chromium ceramic-based coatings have
comparable if not better tribological properties for the given conditions. The main
wear mechanism was mainly two-body abrasion due to the surface roughness of
the counter-material, as well as three-body abrasion due to the formation of
debris at the interface.

1. Introduction

[7]. Recently, thermal spraying is also considered a
promising alternative to hard chromium coatings

Thermal spraying has been present for more
than a century since it was initially introduced in
the early 1900s by Dr. Schoop [1]. During this time,
it has evolved and improved to deposit a variety of
metallic, ceramic, polymeric and composite
materials, and is nowadays recognised as a reliable
and cost-efficient method for depositing thick
coatings onto industrial components [2]. Examples
of thermal sprayed coatings can be found in a
variety of industrial and technological fields that
range from aerospace [3], automotive [4] and
biomedical [5] components, up to vital parts in
manufacturing processes [6] and energy production
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[8], in an effort to minimise the negative
environmental impact of hard chromium
electroplating processes [9].

Among the thermal spraying coatings, ceramic-
based are gaining increasing importance as they
can successfully protect metallic substrates from
wear [10], oxidation [11] and corrosion [12].
However, one of their main drawbacks is that due
to their high melting temperature and low thermal
expansion (compared to the metallic substrate),
they require a bond coating [13].

From the existing oxides, chromium oxide is the
hardest and has also been reported to exhibit good
frictional properties, high wear, and corrosion
resistance [14]. Thus, it is used in tribological and
microelectronic applications and as an adiabatic
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material in aeronautics and space fields [14]. In
addition, titanium oxide coatings because of their
physical, chemical and electrical properties are
used as hydrogen and oxygen sensors, self-
cleaning and photocatalytic surfaces, and electron
emitters for light emitting devices [15]. Despite the
well-established and beneficial usage of these
coatings, there is still a lack of information on their
tribological behaviour. This derives from the fact
that friction and wear are system properties that
can considerably vary depending on the contact
conditions, geometry, counter-material,
environment etc. Therefore, in this work, the
tribological performance of chromium- and
titanium-based oxide coatings was evaluated
under abrasive sliding conditions. The aim is to
establish a structure-property relation and to
understand the dominant wear mechanism that
affects their tribological performance under the
selected conditions. Finally, a comparison with
state-of-the-art materials that are currently being
used in various industrial applications was also
made in order to see how these coatings rank in
terms of friction and wear.

2. Experimental part

Commercially available chromia (Metco 106)
and titania powders (Amperit 782) were deposited
onto flat parallel steel substrates (Fe-0.60C-0.40Si-
0.75Mn-0.035P-0.0035, wt.%). The chromia
powder (95Cr,03-4.25Ti0,-0.25Fe,03-0.5Si0,-
0.25Al,05-0.50ther, wt. %) had a particle size
distribution of —-90/+11 um, while the titania
powder (99TiO,-0.25Fe,05-0.3S5i0,, wt. %) had
particle size distribution of —90/+45 pum.

Prior to spraying the steel substrates were grit
blasted by alumina with 0.8 —1 mm grain sizes to
achieve an average roughness of about 8 um. After
sandblasting, the steel samples were cleaned in an
ultrasound bath with acetone for 5 min and dried
with compressed air. Then they were vacuum
packed and conserved in a dryer at 60 °C until
coating deposition. To improve adhesion between
the oxide-based coatings and the metallic
substrate, a 100 um thick nickel aluminide (Metco
404NS) layer was used as a bond coating.
Afterwards, 350 um chromia and 100 um titania
coating were deposited by an APS gun (FST SG-100,
80 kW) fitted to a KUKA robotic arm. The spraying
conditions selected based on previous research
[16] are the following. For the deposition of
chromia coatings, the voltage was 37.5 V, the

current 600 A, the argon pressure 120 psi, the
hydrogen pressure 11 psi, the spraying distance
was set at 100 mm, the spraying rate was 450
mm/s and a step of 5 mm was selected. For the
deposition of titania coatings, the voltage was 38.5
V, the current 500 A, the argon pressure 120 psi,
the hydrogen pressure 11 psi, the spraying
distance was set at 100 mm, the spraying rate was
450 mm/s and a step of 5 mm was selected. To
improve the adhesion between the substrate and
the coating, an intermediate Ni-Al bond coating
was sprayed with a voltage of 50 V, current of 450
A, argon pressure of 120 psi, hydrogen pressure of
9 psi, spraying distance of 100 mm, spraying rate
of 450 mm/s and a step of 5 mm.

A JEOL JSM-63000 scanning electron microscope
(SEM) was used for the microstructural analysis
and to measure the thickness of the coated
samples. The Vickers microhardness of the
coatings was measured by performing 10
independent measurements in their cross-section
with a Wolpert Wilson 402 MVD instrument.

The reciprocating sliding tests were
performed under dry conditions with a Basalt-N2
tribometer (Fig. 1a). The applied load and
tangential force are picked up by a high-precision
displacement measurement of the spring

elements (Fig. 1b), measured by capacitance
sensors (resolution of 1/10.000 of full scale,
which is 10 mN for the 100 N sensor and a
sampling rate of 1000 Hz). For the selected tests
a normal force of 10 N, a displacement of 2 mm
and a steady-state speed of 20 mm/s for 10,000

Figure 1. Reciprocating sliding testing: (a) Basalt-N2
tribometer, (b) spring sensor, (c) corundum counter-
body material and (d) tribological contact
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cycles (sliding distance 40 m) were selected. A
commercially supplied @6 mm corundum ball,
with a hardness of 2000 HV 0.5 and a Ra = 0.2
um, was used as a counter-body material (Fig.
1c). The resulting contact (Fig. 1d) was a point
contact, generating an initial pressure of 1.5 GPa,
a contact radius of 30 um, a maximum shear
stress of 370 MPa and an interaction depth of
about 30 pm (as calculated with HerzWin
software). This means that in all tribotests the
interaction volume is well within the bulk of the
coating and not close to the interface or the
substrate. Thus, the obtained results and relative
ranking are not influenced by the different
thicknesses of these two sprayed coatings.

Prior to the reciprocating sliding tests, the
coated specimens were polished with SiC papers (up
to P2500 grit) to an average surface roughness of
approximately 0.3 um, as measured with confocal
microscopy. Then both the coated samples and
counter-body materials were cleaned in a heptane
bath for 5 min with ultrasonic cleaning. All
reciprocating sliding tests were performed at least
three times from which the mean values were
calculated. To explore the applicability of these
coatings, tribological tests were also performed for
the same test conditions on some commercially
supplied industrial materials, namely Haynes 188
alloy  (Co-22Ni-22Cr-14W-2.5Fe-1Mn-0.3Si-0.15C-
0.04La-0.02P-0.015S, wt. %), Hardox 400 alloy (Fe-
0.15C-0.6Si-1.2Mn-0.3Cr-0.25Ni-0.25Mo, wt. %),
ASP 23 alloy (Fe-1.28C-4.2Cr-5Mo-6.4W-3.1V,
wt. %), electrodeposited hard Cr [9] and ion beam
assisted deposition Graphite DLC [17] coatings on
ASP 23 substrates.

The wear mechanisms were analysed with a FEI
XL 30 SEM and an Olympus BO071 optical
microscope (OM), which was connected to an
energy dispersive X-ray analyser (EDS) apparatus.
Wear loss was evaluated with a NanoFocus uSurf
Explorer confocal microscope using a 10x
magnifying lens (200—-400 confocal images
captured per second and resolution in the z-axis,
which is the height of topographical features, is in
the nm range).

3. Results and discussion

Typical cross-sections of the as-sprayed titania
and chromia coatings are presented in Figure 2.
Dense coatings with a thickness of about 850 um
for chromia and 100 um for titania were achieved.
Limited cracks or flaws were observed at either the

interface between the sprayed coating and the
substrate or between the sprayed splats. This
indicates that a satisfactory adhesion was
achieved. In addition, the microhardness of the
chromia coating was 1190 + 120 HV 0.5, whereas
for the titania 812 £+ 57 HV 0.5.
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Figure 2. Cross-section images of as-sprayed:
(a) chromia coating and (b) titania coating
(reprinted from Koutsomichalis et al. [16], licensed
under CC BY 4.0)

Figure 3 shows the evolution of the average
coefficient of friction per cycle of chromia and
titania coatings versus corundum. The triplicate
tests appear to be very repeatable, especially after
the running-in period, which indicates that: (a)
these materials are exhibiting tribological
homogeneity and (b) no significant changes in the
wear mechanism occurred. The fluctuations during
run-in are attributed to changes in the initial
surface  topography (asperities). As these
topographical features are gradually removed,
friction stabilises. In addition, the average
coefficients of friction values between the two
coatings appear to be similar.
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Figure 3. Evolution of average coefficient of friction
per cycle of thermal sprayed coatings vs. @ 6 mm
corundum ball (10 N, 20 mm/s, 2 mm, 10.000 cycles):
(a) chromia coating and (b) titania coating

To get a better insight into the evolution of
friction during these tests, the 3D triboscopy
patterns were analysed. In this 3D representation,
the evolution of friction within each sliding cycle
and throughout the whole test is stored. Indicative
examples for the two coatings are given in Figure
4. It can be seen that despite the fact that chromia
and titania coatings had a similar evolution of
average coefficient of friction (Fig. 3) their 3D
pattern are very different (Fig. 4). In particular for
chromia coating a higher fluctuation of the friction
force is recorded during each cycle, whereas the
pattern of titania coating appears smoother. Peaks
of friction are observed at the edges of the sliding
loops especially for the chromia coatings, due to
debris pile-up (Fig. 5a) that can lead to localised
sticking phenomena [18].

This fluctuation is possibly linked to the
generation of debris particles in the contact.
Indeed, SEM images of the wear track revealed a
high density of debris at the edges and within the
chromia sprayed coated wear track (Figs. 5a, 5b
and 6b). In addition, the morphology of the wear

track indicates that for both coatings the main
wear mechanism is mainly abrasion (Figs. 5b, 5c
and 6). In particular, at the beginning a two-body
abrasion takes place due to the surface roughness
of the counter-body material (ploughing lines
along sliding direction), followed by three-body
abrasion due to the formation of debris at the
interface [19].

EDS analysis on the debris showed that they
consisted mainly of worn and/or plucked out
particles from the coating and some Al traces from
the counter-body material. In particular, the
chemical of the debris formed on the chromia
coating was (in wt. %) 42.6 Cr, 7.9 Al and O as
balance, and for the titania coating, it was (in
wt. %) 42.1 Cr, 6.5 Al and O as balance. For the
titania coatings, localised micro-cracks were also
observed (Fig. 5d). The formation of micro-cracks
can be linked to fatigue wear [20].

Ft[N]
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0-4 m4-8 m8-12

Figure 4. Example of 3D triboscopy pattern showing
the evolution of frictional force during every sliding
cycle for thermal sprayed coatings vs. @ 6 mm
corundum ball (10 N, 20 mm/s, 2 mm, 10.000 cycles):
(a) chromia coating and (b) titania coating
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Figure 5. Indicative SEM images showing: (a) debris
formation at the edge of chromia coating wear track,
(b) abrasion lines and particle generation within
chromia coating wear track, (c) abrasion and particle
generation within titania coating wear track and (d)
micro-crack formation within titania coating wear track
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Figure 6. Indicative OM images within wear track of:
(a) chromia coating and (b) titania coating

To explore the applicability of these thermally
sprayed coatings under abrasive conditions, a
comparison of friction (average coefficient of
friction per cycle at the steady-state conditions for
the triplicate tests) and wear (average wear depth
obtained from triplicate tests) results was done
with some widely used industrial materials and
coatings (Fig. 7). From this comparison, it can be
seen that the ceramic-based coatings have
comparable if not better tribological properties for
the given conditions. In particular, chromia coating
had comparable wear resistance to high-cost DLC
and to hard Cr coatings (that contain hexavalent Cr
and are being banned by the EU). Indeed, confocal
imaging of the wear track on the chromia coating
shows a limited wear depth (Fig. 8a), in
comparison to e.g. the advanced Haynes alloy (Fig.
8b). In terms of friction, they are in the same range
as most metallic materials alloys but have a smaller
spread of values due to their higher wear
resistance that results in a smaller particle
generation in the contact. However, their frictional
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Figure 7. Comparison of average friction and wear
between thermally sprayed titania and chromia
coatings and industrial benchmarks (for the same test
conditions, as described in the experimental part
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Figure 8. 3D confocal images of wear track, after
sliding against corundum counter-body, on: (a)
chromia coating and (b) Haynes 188 alloy

behaviour cannot be compared to state-of-the-art
DLC coatings. This means that they can be
potentially used for applications requiring high
wear resistance, but not low friction without
lubrication.

4. Conclusion

In this work, chromia and titania coatings were
deposited via thermal spraying onto steel
substrates. The coatings were dense and with very
few cracks or flaws at the interface between the
sprayed coating and the substrate, or between the
sprayed splats, which indicates a satisfactory
adhesion. In addition, no significant structural
changes were observed between the sprayed
powders and the deposited coating.

In terms of their tribological behaviour, both
coatings had a similar average coefficient of
friction vs. corundum, but a higher fluctuation of
the friction force was observed for titania
coating due to the higher density of debris
particles within the contact. The main wear
mechanisms were two-body abrasion due to the
surface roughness of the counter-body material,
as well as three-body abrasion due to the
formation of debris at the interface. When
compared to existing benchmarks, they have
comparable if not better wear resistance and
comparable friction (with the exception of the
DLC reference).
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