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bstract

he influence of input power on sprayed powder and final coating was quantified for a water-stabilized plasma spray torch (WSP®) and ceramic
oating formed from titanium dioxide (TiO2). All other spray setup parameters were secured during the experiment with electric supply power as
he only variable factor. In-flight particles were characterized by a Doppler particle velocimetry, the microstructure of the coatings was observed
y microscopic techniques with computer image analysis, and phase composition was studied by X-ray diffraction. Various mechanical properties
ere measured – microhardness, surface roughness, and wear resistance in a slurry. Also other particular physical characteristics of the coatings

reflectivity and bandgap energy – were observed in their dependence on the supply power because they are associated with applications of

he coatings. The higher the power the higher the coating quality will be: both its microstructure and mechanical performance. This substantial
ifference has the same trend for both power supplies utilized for the testing.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

In plasma spraying, electric power is one of the most
mportant parameters controlling the product character.1–3 By
hanging the quantity of heat available for plasma jet formation
t is possible to change the quality of plasma sprayed coatings.1

articles of the feedstock powder attain a different degree of
verheating and different kinetic energy for their movement
owards the substrate when electric power is changed. This could
e quantified by in-flight monitoring of the velocity, temperature
nd apparent diameter of the particles. Resulting coatings should
xhibit different microstructure and properties, namely, mechan-
cal ones.1–4 Regarding the water-stabilized plasma spray torch
he influence of power supply on produced coatings has never
een systematically studied before.

Plasma sprayed coatings starting from TiO2 feedstock pow-

er usually consist of non-stoichiometric suboxides.1,2,5 TiO2
tarts to lose oxygen at a temperature above 1600 ◦C in atmo-
pheres. The partial pressure of oxygen required to reduce TiO2

∗ Corresponding author. Tel.: +42 266053717; fax: +42 286586389.
E-mail addresses: ctibor@ipp.cas.cz, ctibor@ensil.unilim.fr (P. Ctibor).
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andgap

o Ti2O3, Ti3O5 or Ti4O7 is of the order of 10−5 Pa at around
000 ◦C. During plasma spraying in the air, oxygen partial pres-
ure does not go below 1 Pa. However, oxygen loss occurs
esulting in the formation of non-stoichiometric titanium oxide.
xygen deficient phases of TiO2 (especially Ti3O5, Ti6O11) are

ometimes observed in the coatings by XRD, namely, when the
eedstock is an agglomerated titania nanopowder.1 The loss of
xygen leads to the formation of titanium suboxides TiOx. In the
ange 1.75 ≤ x ≤ 1.85 (i.e., between Ti4O7 and Ti7O13) a homol-
gous series (Magneli phases) of ordered structures with planar
tacking faults exists.5 The formation of non-stoichiometric and
xygen deficient lattice in rutile TiO2 is due to the formation of
tructural defects.

This material is the subject of longstanding interest by the
uthors because of the variability of its promising properties –
echanical, namely, sliding and wear, as well as electrical and

hotocatalytic properties. Oxygen deficiency brings such a high
ariation in dielectric permittivity and the quality factor of tita-
ia, which facilitates studying it by a microwave microscopy.6
lso Raman spectroscopy has been performed on a laser-treated
urface and in reference to Ti4O7/Ti5O9 Magneli samples.7 Low
riction regimes were predicted near TiO1.93 to TiO1.98 and also
ear TiO1.70.8 The tendency of the rutile stoichiometry (ergo,

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.029
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Table 1
Parameters used for spraying.

Parameter Value

Feeding distance FD [mm] 56
Spray distance SD [mm] 400
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he friction) to shift as a function of temperature and the partial
ressure of oxygen triggers the thermo oxidative instability of
his material.9 A block-on-ring arrangement was used to study
r3C2–NiCr coating against TiO2 coating at different sliding

peeds and loads.10 The wear mechanism of the coating was
xplained in terms of the fatigue-induced detachment of a trans-
erred TiO2 layer at a lower load, plastic deformation, shear
racture and melting wear at a higher load.11

Regarding spraying by a water-stabilized plasma spray
orch,12 all properties of the TiO2 coatings are controlled
redominantly by microstructural features, such as porosity
haracter, splat contact, cohesion and compactness. Physical
roperties are formidably influenced by an oxygen deficit in
he coating whereas mechanical properties are rather weakly
onnected with them. Quantification of features taking place on
he atomic level is difficult, first of all, because their influence
n behavior of the material (plasma sprayed titania) is hidden
ehind the stronger effects of variations on the size level of
n individual splat. These features include inter-splat contact,
icrocracks network, and quantity of spherical particles incor-

orated into lamellar coating due to premature solidification or
mproper melting of the feedstock. Overheating of the melt is in
ll cases high enough to transform anatase to rutile. TiO2 is a
aterial for which an ambient atmosphere must be considered

s firmly reducing even when the melt is in contact with it for a
ery short time, such as during thermal spraying. So with plasma
praying of TiO2, the phenomena are very complex: oxygen defi-
ient stoichiometry is established within temperature window
verlapping with the temperature window of phase (anatase to
utile) transformation, which takes place intrinsically.

Slurry abrasion resistance was of better quality for conven-
ional coatings than for nanometric powder based ones; this
onclusion has been confirmed by various WSP® samples.12

ubtle differences in oxygen loss between micrometric and
gglomerated nanometric powder seem to be responsible for
t due to the possible origin of new share planes in the crystal
attice.

In the present paper spraying was done on two markedly
ifferent power levels, both with two diverse power generators.
arious aspects of the results of the structural and physical as
ell as mechanical examination are discussed.

. Experimental

.1. Used power sources and feedstock powder

The plasma spraying experiments were performed by a direct
urrent (DC) torch WSP®500 with electric arc stabilized by
ater vortex.13 The torch could be operated at arc currents

rom 300 to 520 A, that is, arc power from less than 100 kW
o more than 150 kW. Plasma in the jet is composed of oxygen
nd hydrogen and the torch is equipped by the external rotating
isc anode. This WSP® torch exhibits extremely high power and

lasma mass flow rate which enables also a high feed rate of the
prayed powder – on the order of tens of kilograms per hour.

Two types of power supply units were used in the experi-
ents. The power supply PS1 was a classical thyristor controlled

m
t

c

eeding nozzle diameter [mm] 3
eeding gas air
owder size [�m] 63–125

ectifier with the frequency of current ripple 300 Hz (Skoda,
zech Republic). The second power supply (PS2) was a high fre-
uency converter type PL180WP (Bekaert Advanced Coatings
v, Deinze, Belgium). Both of them were used for plasma spray-

ng on two markedly different levels of electric current – 350 and
00 A. Corresponding powers were 100 and 150 kW, as previ-
usly noted. The crucial difference between both power sources
as the frequency of a current ripple, which was 30 kHz for this

econd power supply. The amplitude of current fluctuations for
oth power supply units was similar.

Plasma spraying of TiO2 coatings was made with both power
upplies at both arc powers. All spraying parameters and param-
ters of powder feeder as well as the movement of the plasma
orch with respect to the substrate were the same for both power
evels used. The details concerning spraying are summarized in
able 1.

As feedstock powder for spraying natural rutile TiO2 sizes
3–125 �m (mean size 94 �m) was selected (ESAB Vamberk,
zech Republic). A chemical analysis of the feedstock pow-
er discovered traces of copper and carbon as impurities. This
articular form of TiO2 is inexpensive and easy to feed into the
lasma jet due to the compactness of its distinctive particles. The
lasma spray feedstock was prepared by a conventional crushing
nd sieving processes. It is fed by compressed air into the plasma
tream at a feeding distance (FD), which entraps it, melting and
ccelerating it towards the surface of the substrate, placed in a
pray distance (SD) downstream.

The following parameters and characteristics were compared:
elocity, temperature and diameter of particles traveling in the
lasma jet (Table 2).

The efficiency of the deposition process η (characterized
y thickness D of the coating), porosity P, roughness Ra and
y max, microhardness HVm, wear resistance in a Slurry Abra-
ion Response (SAR) test, reflectivity and bandgap energy.

.2. Detail description of characterization techniques

In-flight particles were characterized by the Doppler Parti-
le Velocimetry technique (DPV 2000, Tecnar Automation, St.
runo, Canada). Measurements were carried out at spray dis-

ance, i.e., 400 mm from the nozzle exit. For each set of spray
arameters, about 3000 particles were analysed and their aver-
ge velocity, temperature and size were computed. The absolute
rrors on the temperature (grey body assumption) and velocity

easurements were estimated at 100 ◦C and 10 m/s, respec-

ively.
Porosity was determined on light microscopy images of

ross-sections via image analysis software Lucia G (Laboratory
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Table 2
In-flight particle parameters.

Supply PS1 PS2 PS1 PS2 PS1 PS2

Parameter Velocity Velocity Temperature Temperature Diameter Diameter
U
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nit [m/s] [m/s] [◦C]
00 kW 43.7 41.5 2065
50 kW 50.5 50.6 2078

maging, Praha, Czech Republic). Images were taken from 10
andomly selected areas for each sample, 250× magnification
akes it possible to include objects larger than approximately
�m at the given resolution of a CCD chip. The precision of

he measurement is influenced by a materialographic prepara-
ion of the cross-section and usually is considered to be 10%. In
ddition to simple quantification of porosity, other shape- and
ize-related factors of the coatings were also examined.

Microhardness of the coatings was measured by an optical
icroscope equipped with a Hanemann head (Carl Zeiss AG,
berkochen, Germany) and the Vickers indenter by means of a
N load applied for a period of 15 s. The mean value of micro-
ardness was calculated as an average from 20 indentations.

Surface roughness was determined by the apparatus Surtronic
P (Taylor Hobson Ltd., Leicester, UK). Path length 25 mm was
sed on 5 assorted tracks, as parameters describing the surface
a and Ry max were selected.

The SAR was measured by an approach based on the ASTM
tandard.14 SAR is the mass loss (converted to volume loss)
f standard-shaped samples when run for a period of time in a
lurry. The block (substrate with coating, and coating towards
he neoprene) was held by a constant force 22.2 N against a
eoprene sheet that is mounted in a tray containing the slurry.
he neoprene sheet acts as a lap. The tray is driven in a linear

eciprocating motion, which keeps fresh slurry flowing under
he block. The test is run for 9216 m in four increments with
he mass loss being measured at the end of each increment after
ltrasonic cleaning of samples.

All the coating weight losses were transformed to volume
osses by applying densities measured by the Archimedean

ethod – 4.2 g/cm3. Finally the results are expressed in cubic
illimeters per meter of the distance passed in the slurry. The

ccuracy of the measurement is approximately ±8%.
The X-ray diffractometer D 500 (Siemens AG, Berlin, Ger-

any) with filtered Cu radiation was used for phase analysis.
ngle 2θ from 10◦ to 90◦ was recorded with a step 0.02◦.
The diffuse reflectance of coatings was measured by a

canning Spectrophotometer with a Multi-Purpose-Large Sam-
le Compartment (Shimadzu Corporation, Kyoto, Japan). The
eflectance curves, obtained between 250 and 2000 nm were than
onverted to absorbance and further recalculated15 to allow an
stimate of bandgap energy Ebg.

. Results
.1. Properties of particles in flight

The higher power produces higher velocity as well as a
emperature of individual particles (for both supplies) whereas

h
t
a
f

[◦C] [�m] [�m]
1858 90.1 n.a.
1888 85.5 n.a.

he corresponding apparent diameter of the particles is lower,
able 2. However the differences are not dramatic and these
esults should not be considered as absolute values but more as
rientative values.

.2. Properties of sprayed coatings

The thickness D of coating was 1.20 mm at 100 kW and
.96 mm at 150 kW, respectively. To obtain this thickness 40
asses of the torch with a speed of 300 mm/s were performed
ver a static substrate. The powder feed rate was fixed at 16 kg/h.
xactly the same procedure including the spray pattern and

eeder setting was repeated for both power levels. In this way
e can express the coating efficiency η as the ratio of corre-

ponding coating thicknesses (measured mechanically because
oating was released from the planar substrate at cooling). Coat-
ng efficiency η is therefore 52% for 100 kW if we consider 100%
t 150 kW. This test was carried out using only the power supply
S1. We are referring here to relative efficiency; to bring absolute
fficiency in terms of the ratio of the powder on input and pow-
er embedded in a coating was not within the scope of this study
nd could be about 75% in reference to TiO2. The rest includes
vaporated matter and particles fed outside the plasma stream.

The bandgap energy estimation was based on absorbance
easurement. Since the coating is thick and opaque, diffuse

eflectance was measured, then converted to absorbance. Then
andgap transition energy was estimated at zero value of the
ubelka–Munk absorption coefficient αKM. This estimation was
ade for an indirect transition of an electron between two bands.
he dependent variable parameter in this case is the root square
f the product of αKM and Ebg.16 The values of all measured
oating properties are summarized in Table 3.

. Discussion

The particle velocity in plasma is higher when at a higher
ower, Table 2. The difference in temperature is not evident
ecause of the great distance between the feeding point at FD
56 mm) and the SD measurement point (400 mm). The cool-
ng is always rapid and the difference after traveling at 344 mm
i.e., SD minus FD) is nearly negligible. The apparent particle
iameter is smaller for a higher power that corresponds to a
lightly higher temperature. The decrease in the apparent diam-
ter corresponds to higher evaporation on the surface of each
ndividual particle at a higher power. But we must consider also a

igher light intensity emitted by the plasma at a higher power and
hereby possibly influencing the diameter measurement towards
n overestimation. So the difference in impacting particle size
or the two powers could be even higher than the measured data.
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Table 3
Selected properties of the coatings.

PS1 (Skoda) PS2 (Bekaert) PS1 PS2

Parameter Porosity Porosity Roughness Ra Roughness Ra

Unit % % �m �m
100 kW 7.4 5.1 13.7 ± 0.6 15.3 ± 0.5
150 kW 4.3 3.2 13.2 ± 1.2 13.5 ± 0.6

Parameter Microhardness Microhardness Roughness Ry max Roughness Ry max

Unit GPa GPa �m �m
100 kW 9.2 ± 2.0 9.1 ± 1.5 108.9 ± 6.1 129.9 ± 11.0
150 kW 12.0 ± 1.5 12.7 ± 1.2 119.2 ± 11.8 109.6 ± 9.3

Parameter SAR SAR Ebg Ebg

Unit mm3/m mm3/m eV eV
1
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ing indirect transitions, has values slightly higher than our
samples – plasma sprayed coatings, with bandgap energy
2.77–2.87 eV.
00 kW 0.0273 0.0253
50 kW 0.0157 0.0174

A single splat character is an important indication of suit-
bility of the setup parameters for spraying of good quality
oatings.17 A comparison of typical splats is given in Fig. 1.
n this case mirror-polished stainless steel is used instead of
sandblasted substrate. We see the circular shape at a higher

ower whereas at a lower power a complicated shape with cen-
ral crater and many arms is formed. This corresponds typically
o a worsened adhesion and cohesion of the sprayed material at
lower power.

Also the microstructures of the coatings, as given in Fig. 2,
onfirm that a lower power corresponds with structures having
ore pores and chaotic layout of the lamellas. Such features are

ery similar for both power supplies used.
The power 150 kW provides lower porosity for both supplies,

able 3. At the same time it gives higher circularity of pores
ogether with a larger quantity of pores per mm2, Fig. 3. In other
ords, pores are more globular without sharp edges and are finer,
ecause porosity is lower for 150 kW than for 100 kW. These
eatures have a crucial influence on mechanical properties.

Surface roughness is slightly higher at the lower power, which
s associated with smaller in-flight particle velocity.

X-ray diffraction patterns of all coatings are practically the
ame. An example of it (PS1, 150 kW) is shown in Fig. 4. Besides
haracteristic peaks of rutile, weak reflections of anatase and
agneli phases (slabs with deficient oxygen stoichiometry, as

ndicated by M in Fig. 4) were also detected. The presence of
natase in the coatings sprayed from purely rutile feedstock pow-
er is very similar to the phase composition changes described in
ef. 18 for the high velocity oxy-fuel spray technique. A certain

oss of oxygen stoichiometry accompanies the phase changes,
s expected.12,18

Optical properties of the coatings are presented in Fig. 5.
ptical properties of anatase, rutile and amorphous phase TiO2

hin films prepared by RF magnetron sputtering are summarized
n Ref. 19. The analysis of optical absorption data for the anatase
iO2 film shows an energy bandgap (Ebg) of 3.2 eV (extrapo-
ation assumes indirect16 transitions). On the other hand, the
utile TiO2 film shows Ebg ∼ 2.9 eV. The latter film also shows
he presence of amorphous regions with Ebg ∼ 3.0 eV.16,19 The
andgap of both films, obtained using extrapolation assum-

F
(

2.80 2.85
2.77 2.85
ig. 1. Single splats produced by the source PS2 at 100 kW (top) and 150 kW
bottom).
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Fig. 2. Optical micrographs of cross-section of PS1 (top) and PS2 (bottom) coatings at 100 kW (left) and 150 kW (right).

Fig. 3. Circularity (CIR) and number of pores

Fig. 4. X-ray diffraction pattern of the coating produced by the source PS1 at
150 kW.
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per mm2, determined by image analysis.

Elsewhere15 a dependence of the absorption coefficient αKM
n the wavelength is given for all three phases of TiO2 (anatase,
utile and brookite). Rutile has markedly higher absorption in
V region. This higher absorption brings lower Ebg. This means

hat for excitation of the valence electrons to the conduction
and, less energy is needed for plasma sprayed coatings in com-
arison with the mentioned films. This is making the plasma
oatings studied here a prospect for photocatalytic application,
imilar to, e.g., alumina–titania coatings.20 If we compare the
wo observed electric powers, there is an easier electron transi-

ion in the coatings sprayed with a higher power. It is consistent
ith other characteristics: warmer melt, higher impact kinetic

nergy which results in a lesser equilibrium state of the material
n the coating.
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perature by RF magnetron sputtering. In: Proc. of the Materials Research
Society fall meeting 2002, Symposium DD11.12. 2002.
ig. 5. Bandgap transition energy estimation from absorbance measurement.

. Conclusions

The differences of properties of TiO2 coatings deposited
ith the use of the two electric power levels were analyzed.
majority of important parameters of the particles and coatings

xhibited marked changes in dependence on electric power. The
igher the power the better the quality of the coating accompa-
ied by its microstructure and mechanical performance. The two
ower supplies utilized for the testing exhibited this substantial
ifference and same trend.

The differences of the coatings sprayed with the differ-
nt supplies were not significant. The spraying with high
ower (current) results in somewhat higher deposition effi-
iency, reduced porosity and higher wear resistance. This
s attributed to the higher velocity of the in-flight particles
n the plasma jet. Mechanical properties of WSP® sprayed
oatings using natural TiO2 as a feedstock are similar to
hose of coatings produced from synthetic TiO2 agglomerated
anopowders.12
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