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The pore structure is of significance to both thermal barrier performance and compliance of plasma-sprayed ther-
mal barrier coatings (TBCs). In order to tune the pore structure of plasma-sprayed TBCs, the heredity and varia-
tion of the hollow structure from hollow spherical powders (HOSP) to coatings were investigated. Different
plasma arc powers were selected for spraying the ceramic coatings. The recollected powders sprayed into
water were examined to reveal the microstructure of the powders after arc heating. The results showed that
the HOSP structure of spray powder could be retained after heating in plasma arc. Therefore, these hollow struc-
tures could be retained into the coating. As a result, four types of poreswere formed in the coating. The porosities
of the coatings were decreasedwith the increase in the arc power. Therefore, low arc powers weremore suitable
to retain the HOSP structure into the coating.
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1. Introduction

Yttria stabilized zirconia (YSZ) is often used for thermal barrier coat-
ings (TBCs) which are widely used in gas turbine engines for the aero-
nautical and energy production industries [1–6]. The thermal barrier
performance of TBCs is dominantly determined by the thermal conduc-
tivity in the out-plane direction of the coating [7–10]. A low thermal
conductivity and high thermal barrier effect could ensure a superior en-
gine performancemainly by improving the combustion efficiency [3–9].
The thermal conductivity of the coating depends on both the intrinsic
thermal conductivity of the bulk material and the porous architecture
of the coating [8–13]. Kulkarni et al. [14,15] and Bertrand et al. [16] in-
vestigated the effect of feedstock powder structure on the thermal con-
ductivity of the coating. Results show that the thermal conductivities of
coatings sprayed from fused and crushed powder (FCP), agglomerated
and sintered powder (ASP) and hollow spherical powder (HOSP)
were 0.95 ± 0.02, 0.89 ± 0.02, and 0.64 ± 0.01 W·m−1·K−1, respec-
tively. [14–17] Clearly, a hollow spherical structure of the HOSP could
bring a lower thermal conductivity.

Recently, Wang et al. [15] found that the coatings prepared with
HOSP powder showed a larger density of the intersplat pores than
those prepared by other feedstock materials including agglomerated/
sintered powder (ASP), fused or sintered and crushed powders (FCP),
sol-gel powders. Consequently, the resultant YSZ coating's thermal con-
ductivity was significantly reduced [15,18]. Meanwhile, Ercan et al. [19]
noticed that, despite the coatings made from HOSP having a higher po-
rosity than the coatings made from ASP, both coatings had the same
thermal conductivity. Kulkarni et al. [14,15] found that the minimum
thickness of the splats formed by HOSP resulted in a large number of
intersplat pores which led to a reduction of the thermal conductivity.
Apparently, the evolution of the hollow spherical structure from
feedstock powders to the coatings and the pore characters were not
clarified clearly which might be related closely to the coating's thermal
conductivity.

In the present work, APS 8YSZ coatings were prepared on Ni-base
alloy surface using HOSP feedstock powder. The effect of plasma arc
power on the evolution of the hollow spherical structure from the pow-
ders to the coatings was investigated with an aim at retaining the hol-
low structure into the coating towards a further ultralow thermal
conductivity.
2. Experimental material and procedure

2.1. Materials and coating deposition

The feedstock was a commercially available 8YSZ powder (Sulzer
Metco 204NS, d10 = 16 μm, d50 = 57 μm, d90 = 95 μm) with a hollow
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Fig. 1. Cross section of the original feedstock powders.

Fig. 2. Sketch of the powder collection set-up.
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spherical morphology as shown in Fig. 1. The powder shell was agglom-
erated of the YSZ particles. There were small pores existed in the pow-
der shells.

The coating deposition was carried out with the spray gun traverse
speed of 300 mm/s. A commercial plasma spray system ZB-80
(Zhenbang, China) of 80 kWpowerwas used. The plasma spray param-
eters were listed in Table 1. Argon was used as a primary plasma oper-
ating gas and hydrogen was used as an auxiliary gas. During spraying,
the pressures of both argon and hydrogen were fixed at 0.9 and
0.3 MPa, respectively. Three arc powers of 35 kW, 40 kW and 45 kW
were applied. To tune the arc power, the hydrogen auxiliary gas flow
varied from 4.7 l/min to 6.7 l/min. Argon was used as powder feed
gas, and the powder feed rate was about 8 g/min. The spray distance
was kept at 80 mm.

2.2. Collection of sprayed powders

In order to identify whether the hollow spherical structure
of the feedstocks could be inherited into to the coatings, powders
after being heated in plasma arc were recollected and analyzed.
The powder was sprayed into distilled water after heating in plasma
arc with the plasma torch fixed stationary to the vessel center,
as sketched in Fig. 2. The stainless steel vessel with a size of
Ф700 × 1200 mm contained 2/3 volumes of distilled water for
preventing water splashing outside of the vessel when the heat of plas-
ma plume arrived.

2.3. Microstructure characterization

The feedstock powder, the collected powder in distilled water
and the coating were observed by scanning electron microscopy
Table 1
Plasma spray parameters.

Power
/kW

Voltage
/V

Current
/A

Primary gas (Ar)

Pressure/MPa

35 63.7 550 0.9
40 66.7 600 0.9
45 70.3 640 0.9
(SEM, Tescan Vega, Czech). The porous structure of the coatings was
characterized by X-ray tomography (XRT). An Xradia Versa XRM-500
(Carl Zeiss Microscopy GmbH, Germany) desktop system was
applied with the acceleration voltage of 140 kV. The sample was
placed between the X-ray source and a 2048 × 2048 pixel array
CCD detector equipped with a lens of 10×. The exposure time was 8 s
for each of 984 projections while the sample was rotated 360o along
its vertical axis. The projection data was reconstructed by a filtered
back projection algorithm, and then processed and visualized with
the software Avizo Fire®. Both the geometrical magnification and
the optical magnification resulted in a voxel size of 1.1299 μm. Pores
smaller than one micron was characterized by nitrogen adsorption-de-
sorptionmethod (TriStar II, Micromeritics, USA). The pore size distribu-
tion was obtained by using Barrett-Joyner-Halenda method for the
isotherms.
3. Results and discussion

3.1. Structure evolution of individual powder after heating in plasma arc

The plasma arc power affects the melting degree of the feedstock
powder. Fig. 3 shows the cross section of the collected powder in dis-
tilled water with different plasma arc powers. The feedstock was
semi-molten under all three plasma power conditions. With the
Auxiliary gas (H2)

Flow/L/min Pressure/MPa Flow/L/min

43.4 0.3 4.7
46.3 0.3 5.6
57.6 0.3 6.7

Image of Fig. 1
Image of Fig. 2


Fig. 3. Cross sections of the collected powders in distilled water with the arc power of
(a) 35 kW, (b) 40 kW and (c) 45 kW.

78 P.-H. Gao et al. / Surface & Coatings Technology 305 (2016) 76–82
increase of plasma arc power to 45 kW, the shell's porous structure was
molten gradually and the powder shell became dense. The hollow
spherical structure was still kept in the collected powders after being
heated in the plasma arc.

3.2. Coating deposition

Fig. 4 shows the cross sections of the coatings deposited under the
arc powers of 35 kW, 40 kW and 45 kW. It was found that there were
large and small pores in the coatings deposited with all three plasma
arc powers. The pores were in microns (marked as arrows B and C in
Fig. 4) to over twenty microns (marked as arrows A in Fig. 4). Some
pores were connected each other (seen as arrows C in Fig. 4), some
pores were individual (seen as arrows A and B in Fig. 4). Connected
pores were similar to the segmentation cracks which were reported in
the work of Guo et al. [20]. Finally, extremely small pores, as shown
by arrows D, can also be found in Fig. 4.

Meanwhile, all coatings showed a laminar structure, and the
intersplat interfaces might be a barrier for heat transfer along the direc-
tion perpendicular to the coating surface. These interfaces would inevi-
tably result in a low thermal conductivity. Wang et al. [18] found that
the coatings prepared with HOSP showed a larger density of the
intersplat interfaces than that prepared by ASP, FCP, sol-gel powders.
Consequently, the resultant YSZ coating's thermal conductivity was sig-
nificantly reduced. Furthermore, there were partly unconnected inter-
faces which could be the closed regions as similar to the closed pores
as marked by arrows B in Fig. 4. Therefore, they were also helpful to re-
duce the thermal conductivity of the coating. Some small pores among
the unmolten 8YSZ particles, particularly in the unmolten shells, were
directly inherited from the feedstock hollow structure as marked by ar-
rows D in Fig. 4.

3.3. Pore structure of the coating

Fig. 5 shows the three dimensional (3D) distributions of the pores in
the coatings characterized by XRT technology. The pores in the coatings
presented an irregular morphology. To quantitatively measure the pore
size and porosity, the pores were supposed to be spherical so that the
equivalent diameters could be deduced following themethods reported
in literature [21,22]. The different colors represented different equiva-
lent diameters of the pores.

Since the pore volume was in cubic power to the pore diameter, the
pore volume distribution was also estimated. The pore volume fraction
and cumulative volume fraction corresponding to the pore equivalent
diameter were both shown in Fig. 6. The pore cumulative volume frac-
tion of the coatings deposited under the arc power of 35 kW, 40 kW
and 45 kWwere shown in Table 2.With the increase of plasma arc pow-
ers from 35 kW to 45 kW, the coating porosity was decreased from
15.9% to 4.2%.

The pore larger than one micron was characterized clearly by
the XRT technology. Meanwhile, there also existed some pores
smaller than one micrometer. Therefore, it is necessary to examine
the volume and distribution of the small pores, which may take ef-
fects to the heat transfer and thermal shock resistance. Nitrogen ad-
sorption-desorption analysis was used to characterize the small pore
distributions. Figs. 7 and 8 shows the small pore distribution of orig-
inal powder, recollected powders after being heated in plasma arc
and the coatings deposited with the arc power of 35 kW, 40 kW
and 45 kW. All small pores were smaller than 125 nm. Meanwhile,
there were parts of pores smaller than 20 nm existed in the original
powders, which disappeared after the coating deposition. In the
coatings, the pore size concentrated in 20 to 65 nm. Quantitative cal-
culation yielded that the total porosities of the nano-sized pores in
the coatings are less than 1%. Therefore, the total porosity is evident-
ly determined by the large pores as shown in Fig. 6. In addition, the
density of the coatings were also tested and listed in Table 2. The
densities were consistent with the porosities of the three types of
coatings.

3.4. Formation of pores in the coating

The examination of the recollected powders into water after plasma
arc heating shows that the feedstock powders were partially melted in
the shell parts after being heated in the plasma jet with the power of
35 kW, 40 kW and 45 kW. The hollow spherical structures were mainly

Image of Fig. 3


Fig. 4. Cross sections of the coatings deposited with different arc powders: (a) 35 kW, (b) 40 kW and (c) 45 kW. A refers to the large pores inherited from the HOSP structure of the
feedstock, B refers to the connected pores between individual splats, C refers to the intra-splat cracks, and D refers to the nano-pores from the feedstock.
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inherited after heating the powder in plasma jet. After impacting onto
the substrate surface, they deformed intensively. The deposition pro-
cessing of the hollow spherical powder was simulated by Arvind
Kumar [23]. When the HOSP powders impacted onto the substrate sur-
face, the core hollow structure would be broken into several new small
hollow pores.

With the increase of plasma arc power, the melting degree of
the powders was increased. As shown in Fig. 3, the shell parts of
the collected powders became denser in the plasma arc of 45 kW than
those in 35 kW and 40 kW. Therefore, in the deposition processing,
the deformation degree of the powder was increased with the plasma
arc increasing [24,25] so that both of the core hollow structure and
shell pores would be drove away more easily in 45 kW than in 35 kW
and 40 kW. From the heating to the impacting of the hollow spherical
powders onto the bond coat surface, there were some pores inherited
from the powders with hollow spherical structure as well as some
pores newly formed from the broken parts of the middle parts of the
hollow structure.

As comparison of the pore size distribution between the original
powders and recollected powders after heating in the plasma arc, the
volume of the pores smaller than 20 nm decreased obviously after
heating in plasma arc. Meanwhile, with the plasma arc power increased
to 45 kW, the volume of the pores smaller than 120 nm decreased a lit-
tle. It was confirmed that nanostructured pores were mainly retained
and not destroyed during heating in the plasma arc, which might be
retained into coatings.

From the cross sections of the YSZ coatings deposited with 8YSZ
HOSP powders with the plasma spray arc powers of 35 kW, 40 kW
and 45 kW, there were some spherical or elliptical closed pores which
were mainly inherited from powders' hollow spherical structure as
marked by arrows A in Fig. 4. The pores larger than one micron were
characterized clearly through XRT as shown in Fig. 5 and counted statis-
tically as shown in Fig. 6. From the 3D view, some pores were individual
and some pores connected each other in three direction. The three di-
rectional size of the pores matched the cross sectional pore size very
well. Meanwhile, there were some open pores mainly existed in the
shells of the feedstock powders as marked by arrows D in Fig. 4.
The geometries of these open pores were small and could be
characterized through nitrogen absorption desorption analysis as
shown in Fig. 8. The small pores with nano-size were inherited from
the original powder shell pore structure. There were some connected
regions around the splat interfaces and could be seen as newly formed

Image of Fig. 4


Fig. 5. 3D distribution of the pores in the coatings deposited with different powers: (a) 35 kW, (b) 40 kW and (c) 45 kW.
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pores as marked by arrows B in Fig. 4. They were different with the
inherited pores or newly formed broken pores. At last, there were
some unconnected regions among the splat interfaces or cracks in the
powders interfaces which could be seen as big open pores as marked
by arrows C in Fig. 4. They could be counted statistically through XRT
analysis. Therefore, the pore structure could be sketched in Fig. 9. The
pores in the coatings could be classified into four types. The first one
was inherited from the feedstock's HOSP structure, marked as type A.
The second one was connected regions among the splat interfaces
which could be seen as newly formed closed pore, marked as type B.
The third one was unconnected pores or cracks, marked as type C,
which existed in unconnected zones among several powders or cracks
in the powder interfaces in the coatings. The last one was open pore,
marked as type D, which was mainly existed among the nano YSZ
particles.

The measurement of both micro-sized pores and nano-sized pores
revealed that the total porosity of the coating is dominated by the
micro-sized large pores. Totally, the large pore cumulative volume frac-
tion of the coatings deposited under the arc power of 35 kW, 40 kWand
45 kWwere about 15.9%, 5.9% and 4.2%, respectively. With the increase
of the plasma spray arc power, the melting degree increased so that the
big pores contents including both of the inherited and new formed de-
creased which would lead to the decrease of the total porosity. There-
fore, low arc powers were more suitable to retain the HOSP structure
into the coating.
4. Conclusions

The heredity and variation from hollow spherical structured
YSZ powders to coatings were investigated. Hollow spherical
structure was partially inherited from HOSP powder to coating.
3D structure of the pores in the coatings were characterized and
counted statistically. Four types of pores in the coatings were classified,
including the first type of inherited and variated from the HOSP
core structure of the powder, the second one of new formed closed
pore from the connected regions, the third one of unconnected pores
or cracks around powders and the fourth one of inherited from the
nano-sized open pore of powder shell. The porosities of the coatings
were decreased with the increase in the arc power. Therefore, low arc
powers were more suitable to retain the HOSP structure into the
coating.

Image of Fig. 5


Fig. 6. Pore size and volume distribution of the coating deposited with different powers:
(a) 35 kW, (b) 40 kW and (c) 45 kW.

Fig. 7. Size distribution of the pores smaller than one micron in the original powder and
the recollected powders after being heated within the plasma arc at 35 kW, 40 kW and
45 kW.

Fig. 8. Size distribution of the pores smaller than one micron in the coatings deposited at
35 kW, 40 kW and 45 kW.
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