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Abstract: Yttria-stabilized zirconia (YSZ) hollow sphere (HS) powder is a novel potential feedstock
material for the plasma spraying of next generation advanced thermal barrier coatings with low
thermal conductivity and high sintering resistibility. In this study, YSZ HS powders were prepared
by plasma treatment with/without a heat preservation zone around the flying path of the particles
during plasma flame. The results of the scanning electron microscopy of YSZ HS powders showed
that HS prepared with a heat preservation zone during the plasma process exhibited a regular
spherical morphology and a homogeneous thin shell structure. Due to the sufficient heating of the
shell regions, the HS powder presented a well densified shell structure. Furthermore, the mechanism
of formation of the HS powder with reduced shell thickness was also discussed based on the analysis
of the evolution of the powder structure. This kind of hollow sphere powder with a very thin shell
structure provides a new alternative feedstock material for the development of next generation high
performance thermal barrier coatings.
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1. Introduction

Thermal barrier coatings (TBCs) are refractory oxide ceramic coatings that are extensively used
for protecting and improving the durability of hot section parts in aircraft engines, industry gas
turbines, and rocket engines [1–8]. Yttria-stabilized zirconia (YSZ) exhibits low intrinsic thermal
conductivity, a relatively high thermal expansion of coefficient, good erosion resistance, high strength,
and high melting point, which makes it a suitable ceramic material for the top coating of TBCs [9,10].
YSZ TBCs are extremely beneficial as they can either increase the lifetime of hot section parts by
lowering its working temperature or improve the efficiency and performance of engines by improving
the engine operating temperature [11–14]. It is widely thought that both the phase transformation of
the metastable T’ phase and the sintering-induced stiffening of the top coating would contribute
to the failure of a typical YSZ top coating. However, the phase transformation from T’ phase
to the M + C phases needs a long and even incubation period at a very high temperature [15–17].
In addition, the sintering induced stiffening should be significant to a sufficient level before spalling
failure, and this would allow a very long service lifetime, even at high temperatures [18–27].
Furthermore, by combining YSZ and other low-K ceramics into bi-layer TBCs, the lifetime can be
further prolonged [28–31]. Thus, they delay the onset of the thermally induced failure mechanisms
that effectively govern component durability and life.
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In general, the top coating is fabricated by atmospheric plasma spraying (APS) supplemented
by electron beam physical vapor deposition (EB-PVD) and plasma spray physical vapor deposition
(PS-PVD) [32–38]. During the plasma spray, powder with a diameter of around 50 µm is injected
into the plasma flame. The powder is melted rapidly and at the same time becomes accelerated in
the plasma flame. These molten droplets with high velocities impact and spread on the surface of
the substrate, then form splats after solidification. The top coating consists of overlapped splats and
defects such as pores and cracks. According to the morphology, the pores in the APS TBCs can be
divided into three groups: globular pores, inter-splat pores, and intra-splat pores. Among the three
types of pores, the inter-splat and intra-splat pore structures play an important role in determining
the thermal and mechanical properties of the top coating. Considering the significant dependence of
pore healing behavior on the pore structure [39–42], the lamellar structure of the top coating is a key
factor in creating high performance and long lifetime TBCs [43–47]. As all three types of pores are
formed during the splat solidification and cooling process, the microstructure and the properties of the
top coating significantly depend on both the spraying parameters and characteristics of the feedstock
powder used [48–58]. Therefore, new feedstock powders with a large surface area are highly expected
for the next generation advanced TBCs.

The following three morphologies of YSZ powder are commonly used for APS YSZ top coatings
according to its manufacturing design: fused and crushed (FC) powder with an angular appearance
and dense inner structure; agglomerated and sintered (AS) powder with a spherical appearance, coarse
surface and porous inner structure; and plasma processed hollow sphere (HS) powder with a spherical
appearance, smooth surface, and shell structure with a large pore in the center [59]. Compared to FC
and AS powders, HS powder exhibits several advantages [60,61]: it can be melted more sufficiently
in plasma flame due to its high surface area/mass ratio; moreover, YSZ top coatings prepared using
HS powder display a distinct microstructure, such as a larger fraction of splat interface and smaller
splat thickness, which lead to the lower thermal conductivity and higher sinter resistibility of the
TBCs. The distinctive microstructure and enhanced properties of the TBCs prepared using HS powder
are attributed to peculiar fluid dynamics, indicating that the hollow melted droplet produced from
HS results in a counter-jet during the impact process [62]. Moreover, in the present-day industry of
structural and protective materials, powders made up by HS have gained increasing acceptance and
are used extensively in the fabrication of plasma sprayed TBCs. Thus, the synthesis of HS with the
desired morphology, chemical composition, shell thickness, and mechanical properties has become an
urgent matter.

The atmospheric plasma process of porous YSZ agglomerated powder is an effective method of
producing HS powder given the high temperature and large thermal gradient of the plasma flame.
Solonenko et al. [63] reported that when a porous particle is injected into the plasma flame, first the
surface of the particle melts, then a liquid film forms rapidly on the surface; at the same time, gas in the
particle is entrapped due to the surface tension of liquid film. Complete melting of the particle leads to
the formation of a liquid droplet with gas entrapped in it. The entrapped gas moves to the center of
the liquid droplet and the liquid droplet becomes spherical under the surface tension. When the liquid
droplet leaves the plasma flame, it solidifies and forms HS with a single pore in the center.

For HS powder, at a given particle mass, reduced shell thickness leads to higher surface/mass
ratio and easy melting by plasma flame, which is essential for coatings prepared under low plasma
spray power such as plasma jet for inner hole due to the low thermal conductivity of YSZ. According
to Solonenko et al. [64], the relative shell thickness (ratio of shell thickness and particle diameter) of
HS powder produced by the plasma process is determined by the amount of gas entrapped and the
temperature of the entrapped gas. HS powder with reduced shell thickness can be obtained using
agglomerated powder with a larger initial porosity under the high temperature of the entrapped gas.
Gulyaev [65] modified the shell thickness of HS powder through re-melting it under a controlled
ambient pressure during the plasma process. Thus, the above-mentioned results indicate that
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HS powder with a reduced shell thickness can be obtained under ambient pressure lower than
atmospheric pressure.

In this study, we demonstrated a method of preparing HS powder with a reduced shell thickness
by controlling only the ambient temperature around the flying path of the powder when it leaves the
plasma flame during the plasma process. The structures of the HS powders prepared with and without
controlled ambient temperature were compared and the mechanism of the formation of HS powder
with a reduced shell thickness was also comprehensively discussed.

2. Materials and Methods

YSZ agglomerated powder prepared by spray dry technology was processed by the atmospheric
plasma process (9MC, Oerlikon Metco Inc., Churerstrasse, Pfäffikon, Switzerland) to obtain HS powder.
Nitrogen (N2) and hydrogen (H2) were used as the primary and secondary working gases, respectively.
The process parameters are listed in Table 1.

Table 1. Process parameters of 9M plasma jet.

Primary Gas Flow Rate N2 (L/min) Secondary Gas Flow Rate H2 (L/min) Current (A) Voltage (V)

39 10 500 75

A schematic representation of the plasma process is presented in Figure 1. YSZ agglomerated
powder is vertically injected into a plasma torch at the front of the nozzle exit of the plasma jet.
HS powder is collected at an axial distance of the nozzle about 1000 mm away from the nozzle exit.
YSZ powder was processed under two different conditions. Under the first condition, the powder was
processed without a heat preservation zone (Figure 1a). HS powder obtained under this condition was
named HS1. Under the second condition, processing was conducted with a heat preservation zone
around the flying path of the powder with controlled temperatures up to 2973 K (Figure 1b). The HS
obtained under this condition was named HS2.
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Figure 1. Preparation of HS1 and HS2 by different plasma process: (a) process without heat preservation
zone; (b) process with heat preservation zone.

The apparent density of powders was measured using a Hall flow meter (Dandong Bettersize
Instruments Ltd., Dandong, China). A scanning electron microscopy (SEM) JSM-6460LV (JEOL Ltd.,
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Tokyo, Japan) was used to characterize the microstructures of powders. SEM images of the cross-section
of the powders were used to statistically measure the shell thickness and the diameter of the powders.

3. Results and Discussion

Figure 2 shows the SEM images of the initial agglomerated YSZ powder and plasma processed
powder. Figure 2a clearly shows the coarse surface of the agglomerated YSZ powder. However, after
the plasma process, the surface of the powder became smooth and the body became more circular,
indicating the melting of the powder by the plasma flame and restructuring under the surface tension
of liquid (Figure 2b,c). Figure 2c exhibits the morphology of HS2 powder, revealing the existence of
some particles with a broken shell, which indicates reduced shell thickness.
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Figure 2. SEM images of yttria-stabilized zirconia (YSZ) powder. (a) YSZ agglomerated powder;
(b) HS1; and (c) HS2.

Figure 3 shows the SEM images of the cross-section of the initial agglomerated YSZ powder and
plasma processed powder. Figure 3a displays the solid inner structure of the initial agglomerated
powder. However, the plasma-processed powder exhibited a hollow structure with a large pore in the
center. The difference between the HS1 and HS2 powders was that the shell thickness of HS2 was less
than that of HS1.

From Figure 4, statistically by 113 SEM images of AS, 105 SEM images of HS1, and 123 SEM
images of HS2, the average relative particle diameters of AS, HS1, and HS2 were about 50.67 and
82 µm, the average relative shell thicknesses were about 25.8 and 3 µm, respectively. Through the
measurements of the Hall flow meter, the apparent densities of AS, HS1, and HS2 were about 2.5,
2.3, and 1.8 g cm−3, respectively. Clearly, powder with a reduced shell thickness could be produced
conveniently by controlling the ambient temperature.

To analyze the mechanism of obtaining a reduced shell thickness of the plasma-processed HS
powder under ambient temperature conditions, the temperature distribution of the plasma process
without a heat preservation zone was simulated by using Jets & Poudres software developed by
Limoges University (CP/OL, University of Limoges, France). The working conditions of the plasma
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process used for the simulation were the same as those listed in Table 1. The physical properties of
the YSZ agglomerated powder used for the simulation were obtained from the literature report by
Ettouil et al. [66].
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Figure 5 presents the center temperature of the plasma flame with an axial distance of plasma jet
and the evolution of the molten percentage of a single agglomerated YSZ particle with an axial distance
of the plasma jet. The center temperature of the plasma flame at the nozzle exit was about 10,000 K
and dropped rapidly with the increase of axial distance (Figure 5a). The molten percentage is defined
as the molten volume to full volume of a particle. When the particle enters into the plasma plume,
it melts gradually from the outside to the inside due to its low thermal conductivity. The particle began
to melt at an axial distance of 40 mm away from the nozzle exit. The molten percentage increased with
the increasing flying distance of the particle and reached 100% at an axial distance of about 80 mm,
which indicated that the particle became a liquid droplet at this location. At an axial distance far away
of about 105 mm, the molten percentage began to decrease, indicating the solidification of the droplet.
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Figure 6 shows the curve of the surface and center temperature of a particle with an axial distance
of the plasma jet. With the increase of axial distance, the surface temperature increased rapidly above
the melting index of YSZ; however, the center temperature increased slowly. The large temperature
discrepancy between the surface and center of the particle can be attributed to the low thermal
conductivity of YSZ. The surface temperature of the particle reached the maxima and began to drop at
a distance of about 60 mm; nonetheless, the center temperature still increased. Both the surface and
the center temperature reached the melting index at a distance of about 105 mm. At a distance greater
than 105 mm, the outer temperature was lower than the center temperature; however, the center
temperature still kept increasing slowly.
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The particle in the plasma process included three main stages: (i) The AS YSZ powders injected
into the plasma torch reached the melting point quickly and totally melted into droplets, which was
defined as stage I; (ii) Then, the droplets’ flight region was defined as stage II; and (iii) When the
droplets left region II, the droplet solidified from the surface to the cavity to become HOSP particles,
which was defined as stage III. The simulation is shown in Figure 7.
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According to Solonenko [63], when the particle melts completely in stage II, the formed droplet
acquires a force balance between inner pressure Pg, surface tension Pσ, and ambient pressure Pa.
The gas volume inside the droplets should not excessively increase, and the load on the droplet should
be kept balanced

Pg = Pa + Pσ (1)

Thus, the higher the inner temperature, the higher the Pg; and the droplet expands under Pg with
a larger volume and reduced shell thickness. Nonetheless, when the outer temperature of the droplet is
lower than melting index of YSZ, it begins to solidify gradually from the surface to the center as shown
in stage III; at this time, the droplet cannot expand any further. However, as shown in Figure 1b, if the
ambient temperature is preserved above the melting index—which means stage II expansion—the
outer surface of the droplet does not solidify, and the droplet can still expand with the increase in inner
temperature, thus the particle with a larger volume and reduced thickness can be obtained after the
solidification of the droplet.

4. Conclusions

YSZ HS powder with a reduced shell thickness was prepared by providing a heat preservation
zone around the flying path of the particle during the plasma process. YSZ HS powder exhibited
a shell thickness of about 3 µm when compared to the HS powder prepared by the plasma process
without a heat preservation zone, which exhibited a shell thickness of about 8 µm. The mechanism
of the formation of HS powder with a reduced shell thickness was that the droplet melted from the
YSZ particle could expand more sufficiently in the heat preservation zone, which could prevent the
solidification of the outer surface of droplets during the plasma process.

The results obtained from this article can be summarized as follows:

• HS2 has a larger particle diameter, thinner shell thickness, and lower apparent density than that
of AS and HS1.

• For the main conditions of preparation of HS2 by the plasma process, aside from the amount of
gas entrapped, entrapped gas pressure and ambient pressure, ambient temperature should also
be taken into consideration, which prevents the surface from premature solidification.

• By adding a heat preservation zone around the particle flying path during the plasma process,
HS could be obtained with a larger particle diameter and thinner shell thickness.
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