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INFLUENCE OF TiO, ALLOYING PERCENTAGE ON THE MORPHOLOGY
OF APS-DEPOSITED COATINGS FROM Cr,0; POWDERS

In this paper we studied how alloying with different percentages of TiO, influences the microstructure of Cr,O; base matrix
coatings deposited by plasma spray (APS). Thus, five different types of coatings were made, in which the percentage of TiO, var-
ied as 0%, 10%, 20%, 30% and 40%. The samples were analysed morphologically both on the surface and in cross-section using
direct observation and electron microscopy (SEM). It was observed that none of the TiO,-containing coatings is a simple blend
of distinct phases, but are coatings with a specific layered lamellar structure, with coarser and smooth areas, depending on the Ti
wt.% presence. All the coatings analysed show micro cracks, porosities and inhomogeneous structure, but with a higher density
directly proportional to the percentage of TiO, in the composition of the coated powder.
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1. Introduction

The thermal spray coatings produced from Cr,0; powders
are used for a wide range of applications that require abrasive
and sliding wear resistance, including: papermaking rolls and
blades, hydraulic seal joints, pump parts, shaft sleeves, seals,
valves, components for high-speed automatic machinery such
as packaging and food processing machinery [1]. Although these
coatings show very good corrosion [2] and abrasion resistance
properties and satisfactory hardness values, their applicability is
limited by their brittleness [3]. For this reason, various materials
have been investigated which, when added to the base mate-
rial, improve the ductility and compactness of the coating, one
of them being TiO, powder [4-6]. This study is part of a more
complex study aimed at determining an optimal combination of
Cr,0; — TiO, powders that, deposited by atmospheric plasma
spray, will improve the sliding wear behaviour of kingpin axles
in the heavy-duty automotive industry.

Titanium oxide is a multifunctional powder with diverse
uses, from medical technology [7] to gas sensor technology to
photocatalytic or wear protection [8]. By thermal deposition,
hard, dense, abrasion-resistant coatings with interfacial tough-
ness and superior tensile adhesion strength [9] can be obtained
from this type of powder, provided they are used at temperatures

below 540°C. This temperature limit is imposed by the irrevers-
ible phase transformation (from the athanase to the rutile phase),
which generates microcracks and exfoliation of the ceramic coat-
ing, which in any case has a low plasticity and resilience [10].

Chromium oxide powder is a very promising material for
a wide range of industrial applications, as it can be deposited
by various thermal spraying processes. This results in coatings
with excellent wear and sliding friction properties being the most
chemically inert of all oxides used in this application. Another
advantage of this type of material is its operating temperature,
which can exceed 540°C [11]. However, coatings made of
Cr,05 are associated with high brittleness, which influences
its tribological behaviour, mainly due to its inhomogeneous
structure [12]. For example, under sliding friction stresses, the
coating is affected by different wear processes such as plastic
deformation, adhesion and brittle fracture [6/10]. However, the
wear resistance properties are superior to other hard coatings,
such as WC-Co, Al,O5 or TiO, [13,14] under both wet and dry
wear conditions [15,16].

However, these weaknesses can be mitigated by alloying
Cr,03-based powders with other chemical elements or oxide
compounds, one example being TiO, doping, which can provide
an increase in ductility, favoring the formation of denser coat-
ings with lower roughness than pure Cr,0O5 [17-19]. Titanium
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oxide has been shown to play an important role in increasing
the strength and decreasing the porosity of the layer of which
it is part by binding the other ceramic particles with which it is
mixed [d/20]. Thus, by combining different percentages of TiO,,
coatings characterized by very good abrasion, heat and corrosion
resistance combined with very good fracture toughness for the
ceramic coatings category are obtained.

2. Materials and methods

In order to study how the TiO, alloying percent influences
the microstructure of a Cr,0O5 base matrix coating deposited by
plasma spray (APS), two type of powders commercially available
were acquired from market: Amdry 6415 (99%wt. Cr,03, fused
sintered and crushed) and Metco 6483 (Cr,05 40 TiO,, blended).
Their morphology, acquired by scanning electron microscopy
is presented in Fig. 1.

In order to modify the alloying percent, there were calcu-
lated and measured by weighing on an electronic balance the
quantities needed to obtain a 10 wt.%, 20 wt.% and 30 wt.%
alloying with TiO, by mechanically mixing the 99%wt. Cr,0;
powder with the Cr,O3 40 TiO,. The Nominal Particle Size
Distribution is (=15 +5) um for Cr,O5; powder and (- 90 +16)
um for Cr,03-40Ti0,, both of them with an angular / blocky
morphology.

The mixing of the two types of powder was carried out in
a hermetically sealed glass container by mechanical stirring in
a dry environment for 2 minutes. The most important condition
was to keep the powders dry before and after mixing by intro-
ducing desiccant materials into the containers used for mixing
and subsequent storage.

The SprayWizard 9MCE Facility (Metco-Oerlikon, 2006)
was used for the thermal spraying, with the following parameters:
voltage — 58.8 V, intensity — 496 A, primary gas flow (argon) —
60 NLPM, secondary gas flow (hydrogen) — 45 NLPM, powder
feed rate — 60 gr/minute, stand-off distance — 80 mm.

For the substrate, rectangular profiles (60x30x5 mm) made
of low-alloy steel (see TABLE 1) was chosen, from which the
studied samples were cut. The surface of each sample was
prepared by sand-blasting with the purpose of cleaning all the
impurities and to activate it by texturing. In order to ensure
the reproducibility of the experiment, three samples of each type
of deposited coating were produced.

TABLE 1

Chemical composition of the steel substrate according
EN 10025-2/2004

Chemical
element %wt. c Mn P S N Cu
max max max max max max
Steel substrate | 15 | 4 | 0035 | 0,035 | 0.12 | 055

Samples Holder

Samples

Rotating Table

Fig. 2. Aspect during the Plasma Spray procedure
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For the analysis of the morphology of the coatings, the
classical methods of analysis were used: direct observation and
electron microscopy, the latter being the most used, being car-
ried out with the Vega Tescan LMH2II electron microscope, on
the High Vacuum module, with a filament voltage of 30 kV and
ETD detector for the Secondary Electron Images (SEI). This was
complemented by semi-quantitative elemental chemical analysis
carried out by the EDS (Energy-dispersive X-ray spectroscopy)
method, using the Brucker analysis module, with which the
electron microscope is equipped.

3. Results and discussion
3.1. Morphological analysis
After the samples were made by plasma spraying, they

were visually analysed and no visible cracks, delaminations or
exfoliation were observed in any of the five samples. For the

Fig. 3. SEI of Cr,05 coating, at various magnification: a) 200%; b) 2000x
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analysis of the coating morphology, a representative sample
from each batch was taken and observed by electron micros-
copy, the images obtained being shown for each type of sample
in Figs. 3-7.

Coatings deposited by plasma spraying are created when a
stream of particles strikes the substrates and the resulting struc-
ture depends on several factors such as temperature, velocity
and particle size distribution. Under ideal conditions, each of
the powder particles that emerge from the plasma jet, which
is carried by the carrier gas, and strikes the substrate would
be completely melted. When a spherical liquid droplet hits
a flat surface at high velocity, it flattens out into a disc shape
and the thin radially projected liquid region becomes unstable
and disintegrates into small droplets at the edges [21]. This
geometry is also known in the literature as a splat. In plasma
spraying, the substrate is at a temperature much lower than the
melting point of the molten particle, heat transfer to the substrate
is rapid, and the spreading and disintegration of the droplet is
stopped by solidification. Finally, the successive deposition of
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Fig. 4. SEI of Cr,0O3 — 10% TiO, coating, at various magnification: a) 200%; b) 2000x
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Fig. 7. SEI of Cr,03 — 40% TiO, coating, at various magnification: a) 200%; b) 2000x



these flattened formations results in a lamellar structure that also
contains semi-molten or non-molten particles, voids and oxides
of the deposited elements [22].

Starting from this aspect, it can be observed that in all five
types of coatings studied, there are formed structures specific
to plasma spraying, of splat-by-splat type, being present areas
with partially melted particles, but also unmelted [23]. The latter
often interfere by reducing the deposition efficiency, as they do
not have stable trajectories, while the partially fused ones are
incorporated into the coating, modifying the microstructure of
the coating and its properties.

At first glance, none of the coatings studied presents major
defects, on the surface or at the interface with the substrate, the
overall appearance being uniform, without discontinuities or
macro cracks.

In Figs. 3a)-7a), realized at magnification powers between
200 and 500%, it can be seen that the porosity of the coatings
is determined by the presence of irregular porous formations,
obtained due to the imperfect overlapping of splats produced
during the deposition process, between which inter and intra-
lamellar microcracks are present. Partially melted and solidified
particles in coarse granular form can also be observed. These
formations are highlighted in Figs. 3b)-7b) by yellow outlining
in the case of coarse granular formations and orange outlining
in the case of splats.

A comparative analysis of the surfaces in Figs. 3a)-7a)
shows that, with the increase in the percentage of TiO,, there is
also an increase in the roughness, i.c. the percentage of coarse
particles forming the surface of the coatings studied.
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On the images taken in detail, at higher powers between
1500-2000x, the formation of splats, the presence of coarse but
fine granular elements, between which voids and microcracks
are visible.

3.2. Chemical elements analysis

In addition to the morphological aspects highlighted on
the secondary electron images, semi-quantitative elemental
chemical analyses, both distribution map and point type, were
also performed in some areas of interest for the present study.
The distribution map analyses are shown in Figs. 8-12, both in
general appearance by superimposing all the elements present
on the scanned surface (Figs. 8a)-12a) and individually for
each element (Figs. 8-12c,d,e). They are complemented by the
graphical representation of the spectra of the elements recorded
on the surface and their values in mass percentage, respectively
atomic percentage (Figs. 8-12b).

As far as the presence of Ti is concerned, it is observed that,
with the increase of the TiO, powder mass percentage in the raw
material, the areas where it is identified become more numerous,
directly proportional to the alloying percentage. For example,
on the representative distribution map for the 40%TiO, coat-
ing a covering of about 50% is observed, which means a good
distribution of particles in the spray jet. If we look in the same
way at the other distribution maps, compared to the Cr,05 coat-
ing map, we observe that for the 10% TiO, layer the Ti element
is well defined on about 20% of the scanned area (Fig. 9¢)), for

Element Cr 0O
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Fig. 8. The chemical composition map of a representative Cr,O; sample area: a) general distribution of all chemical elements from the coating,
b) energy dispersive x-ray spectroscopy analysis, ¢) SEI of the analysed surface, d) O distribution, e) Cr distribution
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Fig. 9. The chemical composition map of a representative Cr,03; — 10% TiO, sample area: a) general distribution of all chemical elements
from the coating, b) energy dispersive x-ray spectroscopy analysis, ¢) SEI of the analysed surface, d) O distribution, e) Cr distribution,
f) Ti distribution
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Fig. 10. The chemical composition map of a representative Cr,O3 — 20% TiO, sample area: a) general distribution of all chemical elements
from the coating, b) energy dispersive x-ray spectroscopy analysis, ¢) SEI of the analysed surface, d) Cr distribution, ¢) O distribution,
f) Ti distribution
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Fig. 11. The chemical composition map of a representative Cr,O; — 30% TiO, sample area: a) general distribution of all chemical elements

from the coating, b) energy dispersive x-ray spectroscopy analysis, ¢) SEI of the analysed surface, d) Cr distribution, e) O distribution,
f) Ti distribution.

MAG: 00 HV: 30 WV Wk 35,9 me

cpale

31.08 46.71

18.87 7333 9.70

b)

100
MAG H0x  HV: 30 BV WD 356 me =

e)

Fig. 12. The chemical composition map of a representative Cr,O3; — 40% TiO, sample area: a) general distribution of all chemical elements
from the coating, b) energy dispersive x-ray spectroscopy analysis, ¢) SEI of the analysed surface, d) Cr distribution, e) O distribution,
f) Ti distribution
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Fig. 13. The point chemical composition on a representative area of Cr,03 — 30% TiO, sample: a) general distribution of all chemical elements
from the coating, b) SEI of the analysed surface (1500x), ¢) energy dispersive x-ray spectroscopy analysis (table)

the 20% TiO, layer the area is about 35% (Fig. 10e)), and for
the 30% TiO, layer the emission signal from the Ti element is
well defined on about 40% (Fig. 11e)). Similarly, an analysis of
the other elements found will show that in the areas where the
Ti element is present the Cr element is not present, except in
the case of the Cr,O5 coating, where the uniform distribution
of the two chemical elements present, Cr and O, is observed.

At a closer look, we can see that the areas where Ti is
present correspond mostly to splat type formations and not to
coarse granular ones. This confirms the role of finishing the
structure, i.e. increasing the ductility of the ceramic coatings
of which the TiO, powder is an integral part, by increasing the
degree of incorporation of semi-molten or non-molten particles,
i.e. by increasing the adhesion between the splats formed during
spraying. As can be seen from the distribution maps, the coarse
particles are mostly derived from the sprayed Cr,05 particles.

These observations are also confirmed by the point analy-
ses performed on this type of formations marked in Fig. 13, the
results of which are shown in Fig. 13c). It is observed that in
points 1 and 3 located on a coarse grain (point 1) respectively
on a finer grain (point 3) the mass percentage of Cr is very high
compared to that of Ti, unlike point 2, located on a splat, where
the mass percentage of Ti is about 15%, which means the pres-
ence of a titanium-rich compound.

4. Conclusions

In this study, five types of coatings, based on Cr,O5; and
alloyed with different percentages of TiO,, were produced by
thermal plasma spraying and analysed: 0%, 10%, 20%, 30% and
40% TiO,. The raw material powder for the 10%, 20% and 30%
TiO, coatings was obtained by mechanically mixing, in a dry
environment, the quantities calculated on the basis of mass per-
centages, of two commercially available powders: Cr,O3 (Am-
dry 6415, Oerlikon) and Cr,05 40 TiO, (Metco 6483, Oerlikon).

The morphological analysis of the produced coatings
showed no major defects on the surface or at the interface with
the substrate, the overall appearance being uniform, without
discontinuities or macrocracks.

On the secondary electron images, taken at magnification
powers between 200 and 500%, it is observed that the porosity of
the coatings is due to the presence of irregular, coarse granular
formations, obtained due to the imperfect overlapping of the
splats produced during the deposition process, between which
inter and intra-lamellar microcracks are present. The presence
of granular formations is directly proportional to the increase of
the TiO, percentage in the coating, which is also confirmed by
EDS analysis performed on the sample surfaces.

Another aspect highlighted by EDS analysis is that Ti
is mostly present in splat-type areas, which confirms the role of
finishing the structure, i.e. increasing the ductility of the ceramic
coatings of which TiO, powder is part, by increasing the degree
of incorporation of semi-molten or non-molten particles, i.e.
by increasing the adhesion between the splats formed during
spraying.

However, the percentage of TiO, must be limited in the
composition of thermal spray coatings, which is why we will
carry out additional tests to determine the optimal concentration
to achieve the best balance between tribological behaviour, cor-
rosion resistance at high temperatures and low porosity.
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