
© 2021. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Materials Science-Poland, 39(4), 2021, pp. 599-614
http://www.materialsscience.pwr.wroc.pl/
DOI: 10.2478/msp-2021-0046

Al2O3-TiO2 coatings deposition by intermixed and double
injection SPS concepts

Monika Nowakowska1,∗, Paweł Sokołowski1, Tomáš Tesař2, Radek Mušálek2, Tomasz Kiełczawa1
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This work focuses on the study on the novel hybrid method of simultaneous spraying from two different materials (Al2O3
and TiO2) by means of suspension plasma spraying (SPS) using submicron powder and water suspension. The goal was to
attempt the deposition of intermixed alumina-titania coatings, namely: Al2O3 + 3 wt.% TiO2, Al2O3 + 13 wt.% TiO2, and
Al2O3 + 40 wt.% TiO2. Such compositions are already used but in the form of conventionally plasma sprayed coatings, with
micrometer-sized powder. Meanwhile, the injection of feedstocks with submicron-sized particles has not been established yet.
In particular, this paper uses two routes of feedstock injection, (i) with the use of an intermixed suspension and (ii) a double
injection of separate suspensions. The attention was paid to the characterization of the feedstock materials, description of
deposition parameters as well as the morphology, microstructure, and phase composition of the obtained coatings. Among all
coatings, Al2O3 + 40 wt.% TiO2 sprayed with double injection contained the most homogeneously distributed and melted
splats. The results from this work demonstrate the possibility of coating deposition both by intermixed and double injection
concepts but also the need for the further application-relevant optimization, related to the presence of intercolumnar gaps in the
microstructure of the coatings.
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1. Introduction

Suspensions, introduced several years ago as a
novel, liquid type of feedstock material [1], opened
up new opportunities for thermal spraying, includ-
ing suspension plasma spraying (SPS), suspension-
based high velocity oxy-fuel spraying (S-HVOF)
and others [2]. Replacement of the coarse, dry,
powder with the particle sizes on the order of tens
to hundreds of micrometers by the fine powder-
based suspension allowed the obtaining of submi-
crometer or even nanometer-sized features in the
coatings [3] or even entirely new microstructures,
such as the columnar-like coatings [4]. The particu-
lar advantage of using suspension feedstocks is the
possibility to tailor the coating microstructure to
the specific application – for example, dense coat-
ings for heater tubes for hydraulic parts [5] or ex-
tremely porous coatings for filtration purposes [6].
On the other hand, it should be emphasized that liq-
uid feedstock spraying processes are far more com-
plex than the powder-based ones. The challenges
that have emerged are: formulation of a stable sus-
pension, proper feedstock injection and uniform
fragmentation of the suspension in the jet, exten-
sive substrate heating due to a shorter spray dis-
tance, and many others [7].

This paper covers the study on the coatings of
the Al2O3-TiO2 system, which is considered as one
of the most useful and versatile material/coating
arrangements. Al2O3 coatings are widely used
for replacement parts in turbines and bearings or
biomedical implants due to their high hardness,
elastic modulus, favorable adhesion, and anti-wear
properties [8]. However, their tribological and frac-
ture toughness properties are not on a par with other
ceramic coatings, such as Cr2O3 [9], TiO2 [5],
ZrO2 [9], YSZ [10], etc. [11]. From a technical per-
spective, this limits their use in applications where
the simultaneous improvement in hardness, elastic
modulus, and fracture toughness is required [12].
To tackle the issue, many research groups incorpo-
rated various materials into the Al2O3 matrix. One
of them is TiO2, due to its beneficial influence on
fracture toughness. Alumina-titania coatings were
sprayed mainly by the conventional plasma spray-
ing method [13], with the use of micrometer-sized

powders [14]. Only several trials were carried out
to deposit these coatings from suspensions, to study
the effect of particle size [15], phase composi-
tion [16], and wear properties [9], including also
our previous studies published in [17] and [18].
Coatings studied in this paper will be regarded for
the contents of TiO2 equal to 3, 13, and 40 wt.%
(AT3, AT13, AT40), which are typical composi-
tions sprayed by the conventional powder spray-
ing [19]. However, the idea of obtaining composite
Al2O3/TiO2 coatings can be more easily realized
by liquid feedstock thermal spraying by virtue of
their much finer splats/structural features allowing
a more intensive mixing of the components. Com-
posite suspension plasma sprayed coatings were al-
ready investigated also for other material combi-
nations, for example: Al–Si/B4C [20], Cr2O3–TiO2
[21] or 8YSZ with graphene oxide (GO) [22].

Such multi-material coatings can be obtained in
different ways, i.e., by: (i) incorporation of agglom-
erated or sintered powders, where one powder par-
ticle has a complex chemical composition [23], (ii)
simultaneous deposition of two separate feedstocks
[24], (iii) spraying of layered microstructures [25],
(iv) building of a gradient structure, where one ma-
terial passes gradually into another one, and (v) in-
corporation of fine nano platelets, which are em-
ployed as the reinforcement of monolithic coating
[11]. Currently, the main approach is the so-called
hybrid spraying. However, the term ‘hybrid’ is used
in different contexts. In most cases, the idea in-
volves simultaneous feeding of two various feed-
stocks [4], like (i) a suspension with nano- or sub-
micron powder particles [26] and (ii) a powder of
micrometer size [27]. Coatings obtained by two
different types of feedstocks showed promising re-
sults in enhancing the functional performance [28]
but most of the authors recommend further process
optimization to increase deposition efficiency, im-
prove coatings functional properties [27] and pro-
cess applicability [29]. An alternative possibility to
the proposed method is the injection of two various
liquid feedstocks via two separate feeding lines,
e.g., two suspensions [4]. This route may be fa-
vored in comparison to the former one, due to the
similar and small size of all powder particles. As
a result, a higher contact area between the vari-
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Table 1. Characteristic of suspensions used for the Al2O3-TiO2 coatings deposition

Coating
code

Target composition Used suspensions Solvent

AT3_i Al2O3 + 3 wt.% TiO2 intermixed Al2O3 and TiO2, to have Al2O3 + 3 wt.% TiO2 H2O
AT3_di Al2O3 + 3 wt.% TiO2 Al2O3 TiO2 H2O
AT13_i Al2O3 + 13 wt.% TiO2 intermixed Al2O3 and TiO2, to have Al2O3 + 13 wt.% TiO2 H2O
AT13_di Al2O3 + 13 wt.% TiO2 Al2O3 TiO2 H2O
AT40_i Al2O3 + 40 wt.% TiO2 intermixed Al2O3 and TiO2, to have Al2O3 + 40 wt.% TiO2 H2O

AT40_di Al2O3 + 40 wt.% TiO2 Al2O3 TiO2 H2O
i – intermixed suspension, di – double injection

ous materials is possible, leading to homogeneous
intermingling of two (or more) different materi-
als [30]. Another concept is spraying of an inter-
mixed suspension, which refers to the deposition
of one feedstock via one feeding line (for exam-
ple: suspension intermixed with fine powder, sus-
pension intermixed with other or solution precur-
sor) [4]. Intermixed constituents travel together in
the plasma jet and may be easily melted together.
Therefore, they may form small splats, having a
high contact area. This, in turn, further favors their
mutual interaction, beneficial for the homogeneity
of the structure [4]. Nevertheless, the knowledge on
hybrid spraying is far from being well established
[31].

The proposed study deals with very contempo-
rary subjects in the fields of materials science and
surface engineering. On the one hand, the multi-
feedstock spraying, where two different materials
(namely: Al2O3 and TiO2) are used, is still a nov-
elty in the area of the liquid feedstock deposition.
It could bring a synergic effect in the final coat-
ing properties (i.e., increased fracture toughness),
as well as a tailored microstructure (in the case
of alumina-titania coatings, the intended structure
should be mainly dense and homogeneous). On the
other hand, the comparison of the intermixed and
the double injection feedstock delivery provides the
details about the spraying feasibility and its influ-
ence on the microstructural integrity and phase sta-
bility of the coatings.

The aim of the work was to carry out the pre-
liminary study on the hybrid plasma spraying it-
self and to evaluate the overall microstructure and
phase composition of the coatings. By characteriz-

ing the mechanism of coating formation, and its ba-
sic properties, new, more tailorable, specific coat-
ing compositions or microstructures could be con-
sidered in the future. These results may also be
adapted in other plasma spray technologies that use
liquid feedstock, for example Solution Precursor
Plasma Spraying (SPPS) or hybrid processes that
use both powder and liquid feedstocks.

2. Materials and methods
2.1. Feedstock materials

The study involved the use of two commer-
cially available distilled water-based suspensions:
(i) AuerCoat Al2O3 25W, Treibacher Industrie,
Althofen, Austria, and (ii) AuerCoat TiO2 25W,
Treibacher Industrie, Althofen, Austria. The feed-
stocks were used in as-produced state for double in-
jection spray experiments. Both suspensions were
also used for the formulation of three in-house in-
termixed feedstocks. They were intended to yield
the same target ratio as for the double injection, by
means of dilution, namely:

• AT3 (Al2O3 + 3 wt.% TiO2),

• AT13 (Al2O3 + 13 wt.% TiO2),

• AT40 (Al2O3 + 40 wt.% TiO2).

The general scope of study is summarized in the
graphical abstract, while the details are provided in
Table 1.

2.2. Methods
2.2.1. Feedstock characterization

The studies on feedstock characterization were
divided into two stages, including tests on the dried
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Fig. 1. NiCr bond coat powder: morphology (a) and particle size distribution (b)

Table 2. Deposition parameters of bond coat

Substrate austenitic stainless steel AISI 304/1.4301, 3 mm thick, diameter 25 mm; sand blasted
before spraying (F36 grit, 500–600 µm mesh size) and sonicated with ethanol

Powder NiCr 80-20, Amdry 4535; dried 3 h before spraying at 110◦C
Electric power 27 kW
Injection radial, external
Stand-off distance 100 mm
Gun SG-100, Praxair, Indianapolis, USA
Feeding 15 g/min
Transverse velocity 400 mm/s
Plasma gases Ar/H2: 45/5 slpm
Carrier gas Ar 3.5 slpm

powders (morphology, particle size distribution,
phase characterization) and the liquid suspension
(viscosity, pH, sedimentation tests).

2.2.1.1. Dried powders
The proposed route of using ready-to-spray sus-

pensions was particularly convenient for obtaining
coatings without an added time and cost associ-
ated with ball milling, stabilization trials, etc. How-
ever, these feedstocks need to be subjected to de-
tailed characterization as not all important details
are shared by the manufacturers [32]. That is why
the suspensions were dried to study the solid phase
first.

The powder morphology was examined using a
Vega3 SEM microscope (Tescan, Brno, Czech Re-
public). Powders were gold sputtered before the
observation. Then, the powder particle size was
verified with a laser diffraction method using a PSA

1190 LD particle size analyzer (Anton Paar, Graz,
Austria).

2.2.1.2. Suspensions
The viscosity of the suspensions was measured

using a DV2TLV viscometer (Brookfield, USA)
with a coaxial cylinder-cylinder geometry. A se-
quence of speeds from 10 to 100 and back to the
10 RPM with 10 RPM increments (decrements)
with taking 5 measurements averaged over 2 s at
each speed was set. The values of pH were mea-
sured using a HI-2002 Edge pH meter (Hanna In-
struments, Leighton Buzzard, UK). The sedimen-
tation test was carried out within 24 hours. Probes
with suspensions (diameter 16 mm, liquid level 70
mm) were observed with 10 min intervals within
the first hour of testing, and with one hour intervals
between the first and the twelfth hour of testing.
The last observation was carried out after 24 hours.
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Table 3. Deposition parameters and thickness of top coat

AT3_i AT3_di AT13_i AT13_di AT40_i AT40_di
Injection angle, ◦ 25 25 25 25 25 25
Feeding distance, mm 25 25 25 25 25 25
Stand-off distance, mm 100 100 100 100 100 100
Nozzle diameter, mm 0.35 2×0.2 0.35 2×0.2 0.35 2×0.2
Robot speed, mm/s 30 30 30 30 30 30
Carousel speed, RPM 55.5 55.5 55.5 55.5 55.5 55.5
Torch amperage, A 500 500 500 500 500 500
Torch power, kW 150 150 150 150 150 150
Feeding liquid rate,
g/min

120 2×37 120 2×37 120 2×37

Feeding pressure, MPa 0.35 0.24 0.35 0.24 0.35 0.24
Interpass substrate
temperature, ◦C

250 250 250 250 250 250

Preheating yes yes yes yes yes yes
Active cooling air air air air air air
Number of deposition
cycles

40 140 40 120 40 100

Total number
of deposition passes

120 420 120 360 120 300

Net spraying time, min 9.3 32.7 9.3 28 9.3 23.3
Coating thickness, µm 338.2±16.9 241.5±8.2 360.9±16.7 296.7±5.8 316.2±10.9 287.6±8.4
Normalized growth rate,
µm/pass

2.82±0.14 1.74±0.06 3.01±0.14 2.24±0.05 2.63±0.09 1.80±0.06

2.2.2. Bond coat deposition
Prior to alumina-titania suspension spraying,

the bond coats were deposited first. The deposi-
tion of the interlayer was intended mainly to pro-
mote the adhesion strength of the top coats. The
NiCr 80-20 powder was used, Amdry 4535 (Oer-
likon Metco, Wohlen, Switzerland), −53 + 11 µm.
The morphology of the bond coat powders is pre-
sented in Figure 1a and the particle size of NiCr
was also confirmed by laser diffraction. The aver-
age size of the powder was equal to dv50 = 21.69
µm (Figure 1b).

Bond coats were sprayed by atmospheric
plasma spraying using a SG-100 gun (Praxair, In-
dianapolis, USA). The details of the process are
presented in Table 2. The average thickness of the
bond coat layer was 61.7±4.8 µm.

2.2.3. Suspension Plasma Spraying
Prior to the spraying, the suspensions were me-

chanically stirred to redisperse the solid particles.
A hybrid water-stabilized plasma torch WSP-H 500

(ProjectSoft HK a.s., Czech Republic) was used for
spraying. In total, six coating types were sprayed,
namely: AT3_i, AT3_di, AT13_i, AT13_di, A40_i,
and AT40_di, where “di“ means double injection
and “i“ – the use of an intermixed suspension. The
plasma spray parameters are presented in Table 3.
The various feeding rates for intermixed and dou-
ble injection spray processes relate to different in-
jection systems, and injector diameters, used dur-
ing spraying. To compare the growth rate for exper-
iments with different solid loads in the feedstocks,
growth rate values were normalized for the same
solid load feed rate of 30 g/min (like the one used
in the experiments: AT3_i, AT13_i, and AT40_i).

The samples were mounted on a rotating
carousel, which improved the productivity and re-
peatability of the deposition (Figure 2).

Prior to the deposition, the samples were pre-
heated by exposition to the plasma jet until they
reached 200◦C. During the spraying, the sam-
ples were continuously actively cooled with com-
pressed air. Additionally, after every 6 deposition
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Fig. 2. Carousel with AT3_i coatings after spraying

Fig. 3. Temperature of the AT3_di samples recorded
with a thermocouple and an IR camera

passes the torch was moved away and the samples
were intensively cooled by an air-blade flow. The
temperature history was stored both with a thermo-
camera (coating) and a thermocouple (back side –
substrate), see the example in Figure 3.

The feeding pressure was optimized for each
suspension by the SprayCam shadowgraphy sys-
tem (Control Vision Inc, USA), which enabled the
observation of droplet fragmentation and trajectory
in the plasma jet. Furthermore, the feedstock injec-
tion was observed every 15 cycles to confirm the
process stability.

2.2.4. Coatings characterization
A microstructural characterization of the sur-

faces and cross-sections of the top coats (including
also the microanalysis by energy-dispersive X-ray,
EDX) was carried out with SEM Vega3 (Tescan,
Brno, Czech Republic). Due to the poor cohesion
of the AT3_di coating (loosely bonded powder par-
ticles of micrometer size were easily observed al-
ready in a macroscopic state), this sample was ex-
cluded from the SEM top view observation. The
study on this sample was carried out by a Keyence

VHX digital microscope (Keyence, Mechelen, Bel-
gium).

Cross-sections were prepared via standard met-
allographic preparation, including: cutting of the
samples, resin embedding, grinding, polishing, and
gold sputtering. The thickness of the top coat was
evaluated from at least 5 measurements taken at
random locations at a magnification of 500x.

The X-ray diffraction data, both of the feed-
stock powders and coatings, were obtained using a
X’Pert Pro diffractometer with Co Kα radiation. A
continuous scan mode with an increment of 0.02◦

in the scanning range of 10◦–110◦ (2θ ) and 0.9
s/step counting time was used.

3. Results and discussion
3.1. Feedstock characterization and the
spray process

The raw powders used in commercial alumina
and titania suspensions were of similar irregu-
lar morphology, built of polyhedral particles (Fig-
ure 4).

The powder particle size analysis showed that
the particles dried from both suspensions were of
a similar size. The Al2O3 powders were character-
ized by dv10 = 0.75 µm, dv50 = 1.20 µm, and dv90 =
2.46 µm, while the TiO2 feedstock was character-
ized by dv10 = 0.18 µm, dv50 = 1.34 µm and dv90 =
3.02 µm (Figure 5).

The relationship between the viscosity and the
shear rate of the intermixed AT3, AT13, and AT40
suspensions is shown in Figure 6a. Non-Newtonian
shear thinning was observed for all feedstocks. Ac-
cording to the study of Tesař et al. [33], who com-
pared stabilized and non-stabilized water-based
alumina suspensions, the presence of stabilizing
agents increases the suspension’s viscosity. How-
ever, the information about the chemistry of such
agents, their amount, and colloidal details were not
specified for the used commercial feedstocks.

Since the sizes of the injector orifice diameter
were 0.2 for double injection and 0.35 mm for in-
termixed, the most important values of the viscosity
were at the highest RPMs. This is where the high-
est shear rate was observed. In this case, all three
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Fig. 4. Morphology of the Al2O3 (a) and TiO2 (b) powders

Fig. 5. Particle size distribution of the Al2O3 (a) and the
TiO2 (b) powders

suspensions had a similar viscosity. For example,
for the shear rate of 100 s−1, the average viscos-
ity values were: ηAT 3 = 7.3 ± 3.2 mPa·s, ηAT 13 =
2.5±0.05 mPa·s, ηAT 40 = 2.0±0.03 mPa·s. This is
close to the viscosity of the water solvent: ηwater =
1.0 mPa·s [33], thus all suspensions were able to be
easily fed through the injection nozzles.

Figure 6c and Figure 6d refer to the as-delivered
viscosity of the ready-to-spray alumina and tita-

nia suspensions. The viscosity of the AuerCoat
Al2O3 suspension was already studied in the lit-
erature but for a solid content of 40 wt.% [33].
Its values ranged from 60 mPa·s at 10 RPM to 20
mPa·s at 100 RPM. In this paper, the alumina sus-
pension contained 25 wt.% of the solid phase and,
therefore, the viscosity was lower than presented
in work [33]. The obtained values were in the
range from 24.3±4.2 mPa·s at 10 RPM to 16.9±2.1
mPa·s at 100 RPM. The behavior of the titania sus-
pension was significantly different from the previ-
ous one – the initial viscosity increased, and then
reached a lower level. It may be caused by a higher
sedimentation speed of the suspensions in compar-
ison to other mixtures, which is discussed later.

The pH value is another important factor when
discussing the suspension properties (see Figure 7).
It should be between 4 and 10 ideally, to protect the
hardware components against corrosion [1]. The
measured pH values were within the extreme val-
ues of that recommended range. It can be also seen
that the values of pH, obtained for the AT3, AT13,
and AT40 suspensions, were only slightly lower
than the one of Al2O3, but the pH value decreased
when the rather acidic TiO2 suspension was added.

Figure 8 presents the levels of the sediment-
solvent interfaces observed during the sedimenta-
tion tests. Investigations showed that each feed-
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Fig. 6. Relationships between the shear rate and the viscosity of the intermixed (a, b) and the non-intermixed
suspensions (c, d)

Fig. 7. Values of pH of the studied suspensions

stock was stable without any mixing for at least
30 minutes. The TiO2 and AT13 suspensions dis-
played a different sedimentation nature than the
Al2O3, AT3, and AT40 ones. In the first one, the
visible sediment-solvent interface was possible to
be identified but after 5 hours (TiO2) and 2 hours
(AT13) of testing, the rapid sedimentation was ob-
served in the form of a slurry at the bottom of
the probe – the samples reached the saturated state
[33]. The most distinguishable interfaces were ob-
served for the AT40 and AT3 suspensions, where a
gradual sedimentation was observed. Nevertheless,
the spraying of all suspensions was successfully
completed by using re-dispersing directly prior to
spraying and additional continuous stirring during
the deposition process.

Shadowgraphy was used for the visualization

Fig. 8. Sedimentation of the suspensions

of the fragmentation of the liquid droplets in the
plasma jet (Figure 9). When comparing the AT3_i,
AT13_i, and AT40_i suspensions, it was observed
that the behavior of the droplets was similar. Fur-
thermore, in the case of AT3_di, AT13_di, and
AT40_di, the liquid droplets penetrated the core of
the plasma stream and were quite uniformly frag-
mented. The injection angle of 25◦ provided a suc-
cessful injection of the liquid only in the hot plasma
core.

The stability of the spraying was observed dur-
ing the entire deposition. The double injection was
controlled every 15 cycles of the deposition by
means of shadowgraphy. As shown in Figure 10 for
spray run AT40_di, no disturbances were observed
and the fragmentation of the liquid feedstock was
similar during the whole spray process.
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Fig. 9. Fragmentation of the suspension in the plasma jet: AT3_i (a), AT3_di (b), AT13_i (c), AT13_di (d), AT40_i
(e), AT40_di (f)

Fig. 10. Fragmentation of the AT40_di suspension in the plasma jet prior 1 spray cycle (a), after 15 cycles (b),
after 30 cycles (c), and after 45 cycles (d) of the deposition

3.2. Coatings

The SEM studies on the coating morphology
showed that all samples, excluding AT3_di, had
a finely-grained, cauliflower-like topography (Fig-
ure 11). The AT3_di sample contained a lot of
loosely bonded deposits of micrometer size, which
was easily observed even during macroscopic ob-
servation. However, higher magnification images

(see the inserts in Figure 11) revealed that for the
other samples (AT3_i, AT13_di, AT40_i), loose
particles of submicrometer size remained between
the splats. As already reported in the literature [2],
this phenomenon is observed for the deposition
based on the radial manner of the feedstock injec-
tion. During the injection and break-up of the liq-
uid feedstock, some part of it cannot be directly



608 Monika Nowakowska et al.

Fig. 11. Topography of the deposited coatings: AT3_i (a), AT3_di (b), AT13_i (c), AT13_di (d), AT40_i (e),
AT40_di (f)

Fig. 12. Cross-section SEM images: AT3_i (a), AT3_di (b), AT13_i (c), AT13_di (d), AT40_i (e), AT40_di (f)
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introduced into the hottest part of the plasma jet.
This also means that not all of the powder parti-
cles will undergo a complete thermal treatment by
the plasma, especially those travelling in the jet
peripheries [34]. The shadowgraphy observations,
presented in Figure 9, confirm this issue. Although
the suspension injection pressure was set so that
the mean particle trajectory was along the plasma
jet axis, it is visible that some of the feedstock
encountered the plasma periphery areas. It should
also be noted that similar topography was observed
in the alumina SPS coatings presented in the previ-
ous work [18]. Moreover, inhomogeneous melting
of agglomerated powder particles has been noted
also by other researchers [35]. This clearly shows
that, on the one hand, a significant advantage of the
proposed spraying is the possibility of tailoring any
chemical composition but, on the other, the com-
plexity of the process itself is increased, and ob-
taining a coating with the intended dense structure
is also more difficult [36] and will demand further
optimization.

Among all coatings, the AT40_di sample con-
tained the most homogeneously distributed and
melted splats. This may result from the fact that
the AT40 suspension contained a higher con-
tent of TiO2 powder, which was characterized by
(i) smaller melting temperature and (ii) slightly
greater particles size in comparison with Al2O3.
Lighter and smaller particles build up the coat-
ings with a columnar structure more easily mainly
because they follow the gas swirls parallel to the
bond coat/substrate and stick to the surface asperi-
ties [37].

The microstructural observations of the cross-
sections confirmed the top view observations. It
was revealed that all coatings, regardless of their
chemical composition and type of feedstock in-
jection, had a similar columnar-like microstructure
(see Figure 12). Additionally, a significant con-
tent of intercolumnar gaps were observed in each
coating. The width of the intercolumnar spacing
was the smallest for the AT40 coatings (Figure 12e
and 12f). Additionally, it was observed that the in-
creased content of TiO2 provided a higher den-
sity of columns and their uniformity. This could be
combined with a low viscosity of the AT40 suspen-

sion (see section 3.1), which probably had a benefi-
cial impact on the fragmentation of the suspension
during transfer via plasma.

Spraying with the intermixed suspension as
well as with the double injection showed that the
range of the proposed parameters had a limited in-
fluence on the coating microstructure. An impor-
tant issue seems to be the type of the used sol-
vent. Water was preferred due to the safety of stor-
age and environmental purposes. Nevertheless, it
requires almost three times more energy for vapor-
ization than the ethanol solvent [38]. In most cases,
it is claimed that water-based suspensions pro-
vide coatings characterized by a high density and
homogeneous microstructure [39], while ethanol-
based ones promote the formation of columnar and
porous structures [40]. However, in work [33], the
authors showed that the resulting microstructure is
related not only to the solvent but that the atom-
ization of the suspension also matters. As already
discussed in Figure 10, the fragmentation of the
feedstock was undisturbed during the whole spray
process. Therefore, it may be suspected that the ob-
tained columnar microstructures were rather a con-
sequence of the fine powder size but neither of the
water-based solvent nor the disturbances in the sus-
pension fragmentation.

It should be emphasized here that an extensive
study on the phase composition of the alumina-
titania coatings has been carried out already. Par-
ticular attention has been directed toward the sta-
bilization of α–Al2O3 [18], which is a more de-
sirable phase when compared to the metastable γ–
Al2O3 and δ–Al2O3 phases [41]. However, the SPS
alumina coatings generally tend to possess only a
limited content of the alpha phase, because of the
preferred formation of the gamma and delta phases
during rapid solidification, as discussed by [42]
and [43]. Indeed, in the investigated coatings, ac-
cording to the XRD patterns shown in Figure 13,
both the stable α–Al2O3 and the metastable γ–
Al2O3 and δ–Al2O3 phases were observed. Un-
fortunately, the presence of α–Al2O3 in the stud-
ied coatings is mainly attributed to the presence of
nonmelted powder particles, which were observed
in the topography of the surfaces of the coatings.
However, the content of this phase can be also in-
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Table 4. Comparison of the double injection and intermixed spraying

Property Double injection Intermixed suspension
feedstock stability + easier prevention of agglomeration and sed-

imentation of two feedstocks separately
– stability of a mixture (suspen-
sion/suspension; suspension/powder;
suspension/solution precursor) may not
be easily guaranteed

waste + minimized material loss – the suspension
after spraying can be further stored and easily
used for the next spraying

– waste remains, initial suspensions
cannot be separated and used again

spraying
comprehensiveness

+ it opens up the possibility for a precise con-
trol of the particle thermal history, the mi-
crostructure and phase composition of coat-
ings
– the need for independent and time-
consuming optimization of two feed-
ing/injection lines – the spraying distance,
angle, etc. have to be adjusted separately

+ easier optimization of spraying pa-
rameters for the injection of a single
liquid

tailoring of chemi-
cal composition

– difficult selection of suspension/ solvent/
powder/ dispersing agents concentrations
(especially when strong dilution is needed)

+ easy tailoring of the feedstock chem-
ical composition

sprayability – spraying is difficult in the case of low con-
stituent content – there is a need to inten-
sively dilute the suspensions; consequently,
lots of energy is consumed for solvent evap-
oration, leading to a low process efficiency;
+ feasibility of the process

+ the ratio of the feedstock composition
may be easily adjusted, so the disadvan-
tages of the double injection are easily
omitted

Fig. 13. Phase composition of feedstock powders and deposited coatings
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Fig. 14. Correlation between the TiO2 content, injec-
tion manner, and the growth rate of the coat-
ings

creased by the relatively high temperature of the
substrate in the spray process (the substrate was
preheated prior to spraying) [44], as well as the use
of a high enthalpy plasma torch [4].

Tialite Al2TiO5 and rutile-TiO2 were identified
for the AT13 and AT40 coatings. As suspected,
tialite was present especially in the AT40 (both
AT40_i and AT40_di) coatings – for 40 wt.% TiO2
content, this is the major phase in the Al2O3-TiO2
phase diagram. Additionally, based on work [45],
it is suggested that some of the initial rutile-TiO2
in the feedstock titania powder reacted with alu-
mina during spraying and formed the tialite phase.
This could be promoted especially for the inter-
mixed suspensions (AT13_i and AT40_i), due to
the already discussed increased rate of the con-
tact area, leading to congruent melting and mutual
phase transformation [4].

The investigations showed that the differences
observed in the studied alumina-titania coatings
were influenced not only by different initial ma-
terial properties but also by the way of feedstock
introduction into the plasma jet. The summary on
using the double injection or intermixed concept is
provided in Table 4.

Another important advantage of the intermixed
suspension spraying is the reduction of the process
time and increasing the coating growth rate (Fig-
ure 14).

It should be emphasized that both the double
injection and the intermixed spraying provide the
possibility to formulate almost any content ratio of
the used feedstocks. The tailored chemical compo-
sitions of the coatings (not limited to Al2O3-TiO2
system) are of strategic importance to many indus-
tries. Consequently, it seems that the effect of the
suspension characteristics on the coating proper-
ties is worth being investigated further. In the near
future, it could bring measurable economic bene-
fits, such as the extended lifetime of the compo-
nents, which are key factors in the development of
many new applications, like ion cells [46], solid
oxide fuel cells [47], wear-resistant coatings [34],
and many others. Nevertheless, due to the complex-
ity of the process, obtaining an intended coating is
a demanding task – as the obtained columnar mi-
crostructures were originally expected to be dense
coatings.

4. Conclusions
The paper presents a preliminary study on

hybrid SPS spraying of alumina-titania coatings:
Al2O3 + 3 wt.% TiO2. Al2O3 + 13 wt.% TiO2.
Al2O3 + 40 wt.% TiO2. During the investigations,
two spraying concepts, addressing multi-material
feedstocks and the multi-injection approach, were
considered. The studies demonstrated the promis-
ing potential of suspension plasma spraying with
the intermixed suspension and double injection.
The following conclusions may be drawn based on
this work:

• The injection of two feedstocks via one
feeding line provided a higher growth rate.
As a result, the net spraying time was sig-
nificantly shortened for each intermixed sus-
pension (9.3 min) when compared to the
double injection (AT3: 32.7 min, AT13: 28
min, AT40: 23.3 min).

• For the purpose of multi-injection spraying,
it is especially important to use suitable di-
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agnostic tools (such as shadowgraphy) for
the proper setting of the feedstock injection.

• Control of the phase composition of coat-
ings is challenging due to the rapid solidifi-
cation of the sprayed feedstock and complex
phase transformations but it seems possible.

• An outstanding advantage of the proposed
spraying method is the possibility to deposit
any selected chemical composition as un-
like for the powder-based spraying methods,
liquid feedstock with arbitrary composition
may be prepared on-site.-.
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