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The core–shell structures can improve material properties and easier material selections for applications in new purposes. In this study, yttria-stabilised
zirconia (YSZ)/TiO2 feedstock powders were synthesised via the air plasma spray method to investigate morphology changes, phase transformations
and formation of core–shell structure. X-ray powder diffraction, scanning electron microscope (SEM) and EDS were used for phase analysis,
morphology and core-shell characterisation, respectively. Results revealed that YSZ/TiO2 core–shell powders can be employed using the plasma
spray method. SEM images showed that entire TiO2 nanoparticles had melted around YSZ powder. The shell thickness was estimated between 1
and 5 μm. In the plasma process the YSZ monoclinic phases transformed to the tetragonal phases, but no changes were observed in the cubic phases.
1. Introduction: In many applications such as electromagnetic,
thermal barrier coatings (TBCs), electronics and catalysis,
different types of powders are being used [1–3]. In some
applications, the bulk properties of a powder and in some cases
the surface properties of the powder are essential. TBC need to
have both bulk and surface properties for thermal insulation,
toughness and high temperature sintering.
The agglomerated and sintered yttria-stabilised zirconia (YSZ)

powders can be melted at the surface by the air plasma spray
(APS) because of its high plasma temperature (above 10,000°C)
[4]. Materials have a major effect in the gas-turbine industry’s
requirements for improved properties such as durability and
energy efficiency. There is great interest to use ceramic topcoats
with better properties such as reduced high-temperature thermal
conductivities [5–11]. The use of lower thermal conductivity led
to improvement of TBCs durability by decreasing the metal
temperature and postponing the thermally activated processes that
are responsible for failure. Furthermore, engine efficiency can be
improved by operating at higher temperatures. To reduce thermal
conductivity at elevated temperatures, it is necessary to decrease
phonon conduction and radiative heat transfer [12]. Creation of
cracks and pores within the topcoat and moderation of sintering
at elevated temperatures also reduce both phonon conduction and
radiative heat transfer [13, 14]. Although the developing of suitable
new TBC ceramics continues to incorporation of characteristics in a
ceramic with lower conductivity and higher use temperature [15].
The core–shell structure is a new approach for synthesising

powders with different bulk and surface properties. This structure
also can affect phonon conduction and radiative heat transfer.
Many core–shell structures have been synthesised up to now.
Core–shell structures, such as CNTs/Fe [16], ZnO-coated iron
nanocapsules [17], SrFe12O19/CoFe2O4 [18], TiO2/BaFe12O19

[19], SiO2/Fe3O4 [20], Fe3O4/polypyrrole (PPy) [21], Co/Fe3O4

[22], Fe/SiO2 [23] and CdTe/CdS [24], have been fabricated by
various methods.
The core–shell structure composite is very useful in applications

such as catalysts, microwave absorbing materials [19], magnetism
[18], optoelectronic devices, [25] and biomedicine [26]. Use of
this structure in TBC is not common. Most ceramic substances
used for this application have a lot of problems. Core–shell
structures can improve the materials’ properties and give a wider
range of material selection for our purposes.
In recent years, plasma process was used to produce high density

and flowable spherical powders [27]. Therefore, this study is aimed
to use APS for synthesising of YSZ/TiO2 core–shell structure.
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However, as we know, no work has been reported on the synthesis
of core–shell powders for TBC applications.
2. Experimental: The composition and commercial characterisation
of YSZ and TiO2 nanoparticles used in this work are listed in
Tables 1 and 2, respectively.

The 80%wt. YSZ-20%wt. TiO2 composition was selected for
core–shell structured powders synthesis. All YSZ powders surfaces
are impregnated with carboxymethyl cellulose (CMC) adhesive and
as a result the YSZ surfaces were negatively charged [28]. The
reaction of TiO2 with water is as follows

TiO2 + 2H2O = Ti4+ + OH( )−4 (1)

After hydrating TiO2, impregnated YSZ powders with CMC were
added to the titania/water solution, and then mixed for 2 h at
110 RPM. Solution temperature was increased to 70°C, and then
it was dried completely. TiO2 adhered to YSZ with non-same
electrostatic charge.

All powders were sprayed in water using the air plasma spraying
system equipped with METCO 3M plasma gun. The spraying
processing parameters of the powder are reported in Table 3. All
processing parameters for synthesis of core–shell structure are
shown in Fig. 1.

The morphology of the powders was examined using a Stereo
Scan S360 scanning electron microscope (SEM) and Camscan
MV2300 equipped with EDS analyser. The X-ray diffraction
(Philips Mode PW 3710) measurements were carried out using
Cu-Ka (λ = 0.154 nm) at 40 KV and 30 mA for phase identification.
Porosity analysis was carried out by Image J software.
3. Results and discussion: There are three different allotropies for
ZrO2; monoclinic, tetragonal and cubic structures. The presence of
the cubic and tetragonal phases is confirmed by X-ray powder
diffraction (XRD) by using (400) and (004) peaks. Figs. 2a and b
shows the XRD patterns of mixed YSZ/TiO2 and core–shell
structure powders before and after spraying in water, respectively.

From these patterns observed at 20%wt. TiO2 content, after
spraying in water, the monoclinic phases transform to the tetragonal
phases, while cubic phases remain almost constant. After spraying,
most of the powders transform to stabilised zirconia. It has been
reported [29] that the presence of 20%wt. TiO2 in structure can
improve the tetragonality of zirconia. Furthermore, use of nano
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Fig. 1 Schematic formation of the core–shell structure YSZ/TiO2 procedure

Fig. 2 XRD pattern of
a Mixed
b Core–shell YSZ/TiO2 before and after spraying in water

Fig. 3 Morphology of the cross-section mixed YSZ/TiO2 powder before
spraying in water is observed
a SEM image
b Map analysis
c Image j analysis of YSZ/TiO2 mixture powders before spraying in water

Table 1 Composition of YSZ and number of product producer are present
in the table. Table 1. Composition and commercial characterisation of
YSZ.

Particle size, μm PAC number

zirconia–yttria 8% stabilised powder +15–106 2008P

Table 2 Commercial properties of TiO2 nanoparticles

Photocatalytic standard P25
Phases mixed rutile/anatase phase
Average particle size 21 ± 5 nm
Specific surface 50 ± 10 m2/g

Table 3 Processing parameters of powder spraying

Voltage 55 V
Current 500 A
Primary argon flow rate 80 SLPM
Secondary hydrogen flow rate 15 SLPM
Powder feed rate 15–20 g/min
Carrier gas flow rate 40 SLPM
TiO2, due to core–shell structure, causes increase in surface contact
between YSZ and TiO2, which facilitates this process.

The operating mechanisms of Y3+ and Ti4+ doping for tetragonal
stabilisation are different, however they can be complementary. The
yttrium cations stabilise the tetragonal phase by widening the crystal
structure and therefore the anion lattice reduces overcrowding. On the
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other hand, the titanium cations induce a systematic anion displace-
ment on addition of pure zirconia [30].

The morphology of the cross-section mixed YSZ/TiO2 powder
before spraying in water is observed in Fig. 3a. The figure indicates
that TiO2 nanoparticles are dispersed around YSZ powder,
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Fig. 4 Morphology of the cross-sectional core–shell structured YSZ/TiO2

powder after spraying in water
a SEM image
b Map analysis
c Image j analysis of YSZ/TiO2 core–shell structure powders after spraying
in water

Fig. 5 Narrow shell structure
a Minimum thickness
b Maximum thickness
c and d EDS analysis of TiO2 shell in YSZ/TiO2 core–shell structure after
spraying in water
randomly and no continuous strip between TiO2 nanoparticles and
YSZ can be observed. This result is verified by map analysis in
Fig. 3b. 11% Porosity of YSZ powder before spraying in water
was calculated by ImageJ software analysis and shown in Fig. 3c.
The morphology of the crosssectional core–shell structured YSZ/

TiO2 powder after spraying in water is shown in Fig. 4a. It can be
observed that the melted TiO2 nanoparticles are continuously
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shaped around YSZ powder as a strip and there is a good connection
between TiO2 nanoparticles and YSZ particles without any
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segregation. This result is verified by map analysis in Fig. 4b. No
obvious change of YSZ powder’s porosity content after spraying
in water can be observed because of the formation of a narrow
and dense TiO2 shell around YSZ (Fig. 4c).

Consequently, this narrow shell structure is shown in Fig. 5. The
thickness of shell is between 1 and 5 μm. The EDS analysis proves
that this shell is consisted of TiO2 material. Therefore, it can be
understood that impact depth of the APS process for melting the
YSZ particles is very limited.

By all these experimental characterisations, it can be concluded
that TiO2 nanoparticles have good adhesion around YSZ by the
method described in the experimental session. In the SEM
figures, free TiO2 nanoparticles cannot be observed and it seems
that all nano particles are melted around the YSZ powders.
Therefore a core–shell structure forms at high temperature of the
plasma jet which is directed with a spray gun. When the powders
are sprayed in water, they change to spherical shape with smooth
surfaces. Moreover, the average particle size of core–shell structure
after spraying in water increased from 20 ± 3 to 30 ± 5 μm. By
comparing SEM images, EDS and map analysis, it can be claimed
that core–shell structure of YSZ/TiO2 has been successfully
formed. For this reason, cross sections of powders before and
after spraying in water are under investigations.
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