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Abstract

This study addresses the correlation between the feedstock agglomerates with their resulting coating microstructure and thermal insulation
capability. To this end, the Y2O3 and Sc2O3 codoped in ZrO2 (SYSZ) nanopowders were synthesized by the polymeric sol–gel method, their
suspensions were agglomerated into plasma sprayable feedstock by the spray drying method, and finally, the effect of feedstock morphology on
the microstructures and thermal insulation capability of APS coatings was investigated. The coating microstructure consisted of semi-molten
feedstock agglomerates surrounded by fully molten particles that acted as binders. Solid irregular SYSZ granules yielded coatings with lower
porosity and thermal insulation capability than the porous spherical YSZ ones.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Granulation is an essential step to improve the flowability of
submicrometre and nanometric ceramic powders to make them
suitable for thermal spray coatings. Thermal barrier coatings
(TBCs) consist of a ceramic top coat made of yttria partially
stabilized zirconia (YSZ), which is deposited over a metallic
bond coat and used in aircraft turbine engines for thermal
insulation in hot sections. Their thermal properties are closely
related to the microstructure of the ceramic top coat [1–3],
which is, in turn, influenced by the ceramic powder and its
morphologies. The codoped zirconia with scandia, yttria
(SYSZ), is an advanced functional material used for high
temperature TBCs. Thermal stability of these ceramics is up to
1400 1C, while phase stability of conventional YSZs is up to
1150 1C [1]. Nanostructured TBCs can have improved mechani-
cal and thermal properties when compared to those researched in
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conventional coatings. Spraying nanoparticles enables coatings to
be manufactured that exhibit different architectures and properties.
However, nanoparticles need to be agglomerated to a sprayable
size in order to use regular powder feeders [4–12]. Agglomeration
generally takes place by spray drying of the nanoparticle
suspension and, frequently, thermal treatment of the granules.
Spraying nanostructured (spray-dried) agglomerates leads to a
two-scale coating structure that basically comprises semi-molten
agglomerates (nanozones) surrounded by fully molten agglomer-
ates that act as a binder [6]. Nanostructured, spray-dried feedstock
characteristics such as morphology, size, and void content of the
agglomerates are critical to achieve this two-scale microstructure
and its potential benefits. This is because, depending on feedstock
characteristics and spraying conditions, the nanozones that form
the coating may continue to be porous like the original feedstock
or be much denser. High powder flowability is also required for
homogeneous feeding of the plasma flow in order to produce a
continuous and constant powder mass flow.
The bad flowability of powdered materials is one of the

reasons that make an agglomeration step essential [9–12].
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In ceramic industries, agglomeration processes like fluidized
bed granulation or spray drying are used to generate ceramic
material mixtures with improved handling and processing
properties from water or solvent based suspensions [12–15].

Among methods of granulation, such as sintering and
crushing process (SC) and spray drying (SD), the SD method
shows some advantages due to its spherical morphology and
good flowability [13,16–19]. The SD method is routinely used
as a spray granulation from slurries to obtain powder with
various morphologies, depending on operating parameters and
suspension formulation. They can be hollow, dense, porous,
and spherical most of the time, though some times with a
donut shape. The SDP powder is of good flowability and
favorable for thermal spraying.

Most studies on TBCs [6–8] that use nanostructured spray-
dried feedstock only mention the agglomeration process without
providing any details on the nanoparticle suspension preparation,
spray drying operation, or thermal treatment of the resulting
agglomerates. Thus, the correlation between agglomeration
process variables, agglomerate characteristics, and coating micro-
structure and properties is yet to be established. In the present
report, Y2O3 and Sc2O3 codoped in ZrO2 nanoparticles, named as
SYSZ, was used to obtain granules with suitable density and
flowability for plasma spraying by the spray drying and calcina-
tion treatment technology. This study also addresses the correla-
tion between the feedstock agglomerates with the resulting
coating microstructure and thermal insulation capability.

2. Experimental procedure

2.1. Materials and nanopowder preparation

The SYSZ nanopowders were prepared in large scale by the
polymeric route [1]. The suspensions for spray granulation
Fig. 1. –>(a) and (b) SEM images, (c) TEM image and (d) XRD p
were prepared with demineralized water (resistivity higher than
0.05� 106 Ω cm at 25 1C) and polyvinyl alcohol (PVA,
[CH2CHOHn], MW¼10000–13000, Merck & Co.). The pH
of suspension was evaluated with the Metrohs pH meter
(Swiss).

2.2. Fabrication of feedstock

The nano-sized particles had to be granulated to micron-
sized granules since they could not be used as sprayable
feedstocks directly. When the nanoparticles were prepared, the
fabrication of SYSZ feedstock had to be taken out. The
instruments used for the fabrication of feedstocks included
ball milling (Retsch PM 100, Germany), spray drying chamber
and furnace (Nobertherm, German). The process of feedstock
preparation was divided into three stages, as shown below.

2.2.1. Ball milling and suspension (slurry) preparation
The SYSZ nanopowders were put into the ball milling

(Retsch PM 100, Germany), which contained 30 wt% solid
nanopowders and zirconia based balls (the weight of balls to
powder was 10:1). After 6 h ball milling, as a typical mixture
of the 180 ml deionized water, 20 g SYSZ nanopowders and
5 wt% binders were stirred homogenously for 2 h. So, the solid
loading in suspension are 10 wt%. Furthermore, the same
suspension was prepared with as-obtained SYSZ nanopowders
without ball milling. The slurry formulation of the second
suspension was similar to the previous one.

2.2.2. Spray drying process
When the SYSZ slurry was prepared, the spray drying

process was continued directly in order to avoid the precipita-
tion of slurry. The parameters, especially temperature and
feeding rate, had to be controlled strictly to prevent the slurry
attern of SYSZ nanopowders prepared by the polymeric route.
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from sticking to the wall of spray drying chamber. The
laboratory spray drying apparatus schematically consisted of
a peristaltic pump that fed the slurry into a disc-like atomizer
located at the top of the drying chamber and produced a
fountain-like spray. The drying air inlet was placed at the top
of the chamber so that the initial droplet air mixing was
counter-current and then co-current. The solid aggregates were
collected at the bottom of the chamber and separated from the
gas in cyclone collectors. The main controlled operating
parameters were the air temperature at the entry (220–
235 1C), at the exit (135–140 1C), inside the chamber
(170 1C), the rotate speed of atomizer (14000 rpm), and air
(4.4–4.6 lit/h) and slurry flow rates (1–1.2 kg/h). These para-
meters were kept constant for formulation of both slurries.
2.2.3. Thermal treatment process
In order to increase the density of granules and eliminate all

the organic additives, the granulated particles, obtained from
the spray drying process, were calcined. The sintering tem-
perature was determined by the thermo gravimetric analysis
(TGA, Malek Ashtar Company, Iran) method. After that, the
Fig. 2. SEM images of granules obtained from SD2 (a) and (b), SD1 (c) and (d) an
magnifications.
feedstock, whose particle size was suitable for plasma spray-
ing, was obtained. However, unignorable problems, such as
high porosity, low flowability, and small particle size, existed
in the feedstocks, making them unsuitable for direct plasma
spraying. So, small (o20 mm) and very large particles
(4150 mm) were removed by passing them through a sieve
(100 and 500 US mesh) to meet the demands of sprayable
feedstocks.
2.3. Characterization of feedstocks

When the feedstocks were prepared, the basic properties of
the particles were tested. For example, the evaluation of
apparent density and flow rate was performed, according to
ASTM nos. B0212-99 and B 213–03 [20] (using the Hall
flowmeter funnel) respectively. The granule size distribution
was measured by sieving the granules with different meshes.
The crystalline phases were obtained by the X-ray diffraction
technique (Rigaku D-max C III, Philips, Holland). A field-
emission scanning electron microscope (FESEM) was obtained
d (e) and (f) commercial YSZ (Nanox S4007 [6]) nanopowders with different



Fig. 3. SEM images (a–c) of SYSZ nanopowders after ball milling process for 6 h.
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on S-4160 (Hitachi Ltd., Japan). The optical images (OM)
were done on OM microscope (Nikon Epiphot 30s, Japan).

2.4. APS coating setup and thermal insulation capability test

The Inconel 738LC Ni-based super alloy was used as the
substrate material. Specimens, after grit blasting with Alumina
grits mesh 36 and degreasing, were coated with a bond coat of
Ni–22Cr–10Al–1Y (wt%) alloy (Amdry 962) by the APS
method (Sulzer Metco F4 gun) obtaining a thickness of
100–125 μm. The bond coat powders were sprayed based on
the standard parameters recommended by the Sulzer Metco
Company [7]. The parameters used to spray the nanostructured
SYSZ coating were developed internally (Ar flow¼35 stan-
dard liter per minute (slpm), H2 flow¼10 slpm, arc
intensity¼600 A (A), spraying distance¼120 mm, spraying
velocity¼1000 mm/min, anode nozzle internal diameter¼6
mm, and feedstock feed rate¼18 g/min).

The coating void contents and semi-molten particle fractions
were measured on the cross-sectional coating areas by the
image analysis (Image pro-Plus Bethesada MD, USA) of the
micrographs obtained by a scanning electron microscope
(Philips, Holland) nearby 200, 500 and 1000 magnification.
Averages of 10 images, randomly located across the sample,
were analyzed for each sample in order to obtain a representa-
tive, complete scan of the whole cross-sectional area.

To evaluate thermal insulation value of TBCs, the thermal
insulation capability test was done according to our previous
report [7]. The schematic illustration of thermal insulation
capability test is shown in Refs. [2,7]. Three thermocouples (K
type, working temperature up to 1300 1C) were used as
sensors, one was located in the furnace to measure the furnace
temperatures (T0) and others were sealed on both sample
backsides to monitor the backside temperatures of the coated
sample (T1) and voucher sample (T2). The thermocouples were
linked to thermometer and then computer to record the heating
temperature curves (T0, T1 and T2). After installation, the
electric furnace was heated to 1000 1C with the average rate of
15 1C/min. To stabilize temperature conditions, the samples
were kept in 1000 1C for 40 min. T0, T1 and T2 record from the
beginning of the test in 1 min time intervals and t–T curves
were plotted. Finally, the thermal insulation capability by the
temperature drop across TBC (ΔT=T2−T1) for 20-end data
was calculated.

3. Results and discussion

3.1. Characterization of SYSZ nanopowder

Fig. 1a, that shows the SEM image, illustrates the morphol-
ogy of the SYSZ nanopowder obtained from the polymeric
sol–gel method. This sample consisted of relatively compact
large particles that showed flat faces and angular edges. This
typical morphology was similar to other studies in the literature
[1,20,21]. High magnifications of these big facets (Fig. 1b)
showed that they consisted of nanometric SYSZ nanoparticles.
TEM picture in Fig. 1c shows that the as-prepared samples
consisted of crystallites with a size between 30–50 nm.
According to XRD pattern (Fig. 1d), the SYSZ nanopowders
showed a pure tetragonal phase with cell parameters
a¼b¼0.35984 nm, and c¼0.50105 nm.
3.2. Spray drying and calcination process

In order to survey the effect of ball milling treatment on the
morphologies of as-prepared granules, FESEM images were
taken from them. Fig. 2 shows FESEM micrographs of spray-
dried powders for ball milled treated, named as SD1, and non-
ball milled (SD2), of SYSZ nanopowder. These powders were
obtained from 5 wt% PVA and 10 wt% solid loading in
suspensions. Fig. 2a displays the particles morphology of
SYSZ suspension with ball milling treatment, after spray



Fig. 4. The effect of ball milling treatment on the resulted SD granules. (Left images: SEM images of nanopowder; right image is optical images of resulted
granules.).
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drying process. This figure exhibits the typical semi-spherical
shape with smooth surfaces of spray-dried agglomerates. The
average particle size of this granules was in the range of
5573 mm. The plasma sprayable powders were of a mean
diameter of ∼50 mm. So, in terms of average particle size,
these granules are suitable for plasma spraying. But, in the case
of apparent density, sintering treatment is needed, which will
be discussed later. A close look at this figure shows that these
granules were hollow (labeled with red line). In addition, some
deformed granules were visible in this sample. This hetero-
geneity can be attributed to liquid-phase separation during the
spray-drying operation, possibly due to some surface tension
modifier incorporated into the suspension [2,5,13]. However,
the untreated nanopowders (SD2, Fig. 2b) showed solid
nonspherical morphology with dimensions ranging from
30 μm to 100 μm. SEM images (Fig. 3) of ball milled
nanopowders before spray drying showed that big agglomer-
ates in Fig. 1a were broken into small ones. So, after spray
drying of this powder (see Fig. 4), spherical granules were
obtained. The irregular and angular morphologies of SD2
powder resulted from original angular nature of as-obtained
SYSZ nanopowders (see Fig. 4) prepared with the polymeric
sol–gel method [1]. In the case of ball-milled SYSZ nano-
powders, semi-spherical granules were obtained. It was due to
presence of dispersed SYSZ nanoparticles in its suspension.
For the non-ball milled SYSZ nanopowders, the surface
tension would not pull the droplets into a sphere or semi-
sphere because of existing large agglomerate in the suspension.
Furthermore, high magnification SEM images (inset of Fig. 2a
and b) showed that the diameter of nanoparticles was not
changed in comparison with the original SYSZ nanopowders.

Furthermore, agglomerates apparent specific mass and
flowability were determined for both SD1 and SD2 granules.
The value of the first parameter obtained for the SD2 (solid
granules, 900 kg/m3) powders was higher than the SD1
(hollow granules, 560 kg/m3) powders. However, SD1
(0.39 g/s) granules showed a better flow rate than SD2 ones
(0.30 g/s) due to their smooth surface and regular shape
[5,6]. Researchers have reported [22] that spray-dried
powder with apparent specific mass 41700 kg/m3 and
mean particle size 420 μm could be directly processed
for plasma spray coating without further densification.
Another paper states that the apparent specific mass of the
agglomerates of APS spray-dried powders could range
widely from less than 1000 kg/m3to 2000 kg/m3 [23].
Indeed, the feedstocks do not meet the demands for plasma
spraying after granulation. In the next section, it is explained
how the apparent density of this granule can be improved by
calcination (heat treatment) process.
The TGA was used to assign calcinations temperature, as shown

in Fig. 5. In Fig. 5a, the mass loss before 300 1C and 300–570 1C
was due to the evaporation of deionized water and decomposition
of PVA (polyvinyl alcohol), respectively. The phase transforma-
tion of ZrO2 could easily take place from monoclinic to tetragonal
at the temperature of 950–1150 1C [1,21], but the ZrO2 used in
this experiment was stabilized by scandia and yttria. So, its phase
transformational temperature was not explicit. At 1181 1C, the
Y2O3 was dissolved out from YSZ solid solution, and then the
phase transformation of ZrO2 took place [24]. So, the maximum
sintering temperature was set at 1050 1C (o1181 1C), and
holding time was 1.0 h (Fig. 5b). After sintering at 1050 1C, the
apparent density of SD1 and SD2 granules was increased from
560 and 900 kg/m3 to 810 and 1000 kg/m3, respectively. By the
way, because of crystal growth more than 100 nm (obtained by
SEM image, not shown here) of SYSZ granules, the calcination
temperature, was kept up to 800 1C.



Fig. 5. TGA of granules prepared with 5 wt% binder (a) and (b) heat treatment process.

Scheme 1. Schematic illustration of heat transfer of granulated particle in spray drying and calcination process [24].
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Scheme 1 shows the illustration of heat transfer and mass
loss for granulated particle in spray drying and calcination
process. A spherical shell can be created inside the droplet
with the synergistic effect of materials and energy. The heat
transferred to the interior of droplet from the surface is
transferred by thermal conduction, which can be expressed in
the following equation,

∂ðρCpTÞ
∂t

¼ 1
r2

∂
∂r

kr2
∂T
∂r

� �
; 0≤r≤RðtÞ; t40 ð1Þ
where, T is the temperature for different time (K), k is the
thermal conductivity (W/m2 K), ρ is the density (g/ml), Cp is
the heat capacity (J/mol K), R(t) is the radial of the particle,
and r is the radial position. It is assumed that k is the
independent of the radial position and time.

k¼ constant ≠ f ðr; tÞ ð2Þ
thus, Eq. (1) can be written as,

∂T
∂t

¼ α
1
r2

∂
∂r

r2
∂T
∂r

� �
; 0≤r≤RðtÞ; t40 ð3Þ



Fig. 6. XRD patterns of APS coating from SD2 (a) and commercial YSZ (b) granules.

Fig. 7. The optical images of polished cross section of SD2 (a, solid) and commercial YSZ (b, porous) coatings.

M.R. Loghman-Estarki et al. / Ceramics International 39 (2013) 9447–9457 9453
where, α¼k/ρCp is the thermal diffusivity. The heat transfer
process can be expressed as following formula in short:

φ¼ kAΔT ð4Þ
where, φ is the heat flow (W), k is the thermal conductivity (W/
m2 k), A is the contact area (m2), and ΔT is the difference of
temperature (K). So, the deionized water and polymer (PVA)
can be decomposed and evaporated in the following forms:

Polymer :
∂cp
∂t

¼D
1
r2

∂
∂r

r2
∂cp
∂r

� �
; 0≤r≤RðtÞ; t40 ð5Þ

Deionized water :
∂cw
∂t

¼D
1
r2

∂
∂r

r2
∂cw
∂r

� �
; 0≤r≤RðtÞ; t40

ð6Þ
where, D is binary diffusion coefficient [24]. According to the
TGA analysis, the evaporation temperature of deionized water
was occurred at 200–295 1C, and the decomposition and
volatilization temperature of polymer (PVA) was in tempera-
ture range 300–571 1C. In the spray drying process, the inlet
temperature is about 225–235 1C. Nearly all the deionized
water can be evaporated, and most polymers are retained. The
inter granules cannot shrink at the temperature of 225–235 1C,
so the spherical surface is smooth (Scheme 1a). In the
following heat treatment process, the residual deionized water
and polymer (PVA) can be decomposed and volatilized at
higher temperature (higher than 570 1C). When the tempera-
ture reaches to 800 1C, the nano-granules can grow and the big
pores or voids begin to close on the surface. However, some
residual submicron pores or voids cannot be closed by
calcination. The nano-granules or surface pore shrink leading
to coarse surface. It is assumed that the adhesive strength of
nano-granules is independent of position (r) in the same
particle. The heat transfer can lead to the increment of air
pressure in the cavity of particles. The thin zone (Scheme 1b)
can firstly reach the limitation of adhesive strength among
granulated particles, and then the hollow SYSZ sphere is
broken at the position of A.

3.3. APS coatings from agglomerated feedstock

For comparison of coating porosity and percent of non-
melted area, the nanostructured porous YSZ granules were
purchased from Inframat (Nanox S4007) company. The
morphology of this powder was reported by other researchers
[6,7]. Coatings were obtained from the following spray-dried
feed stocks: commercial porous granules (Nanox S2400) and
solid irregular granules (non-ball-milled, SD2). Based on the
XRD pattern shown in Fig. 1d, the nanostructured SYSZ
powder contained T′ phase (the non-transformable tetragonal



Fig. 8. SEM (a–c) micrographs of fracture section of SYSZ with different
magnifications plasma sprayed from SD2 (solid) powder.
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zirconia). Accordingly, the SYSZ coatings fabricated from non-
ball milled nanopowder contained only T′ phase (Fig. 6), because
molten part of powder, due to rapid cooling, formed T′ phase and
non-molten part retained the T′ phase [7,9]. The same results
were obtained from plasma spraying of commercial porous
granules [7,9].

Optical and SEM images of polished cross section of both
coatings were shown in Fig. 7. Fig. 7a–d shows the optical image
of the nano-YSZ and SYSZ coating polished cross-section, which
appears to be well bonded to the substrate. It should be noted that
the thickness of top coating is quite heterogeneous. The thickest
section is up to 265 μm, while the thinnest region is only 220 μm.
Fig. 8 shows FESEM micrographs of the coatings obtained from
the SD2 (solid) powders at different magnifications. The coatings
displayed the typical microstructure of APS coatings deposited
from nanostructured powders as used here [6,7]. The literature
indicates that such coating microstructures basically comprise two
clearly differentiated zones, yielding a two-scale structure
[6,7,25]. One coating region, which was completely melted
(marked M in Fig. 8), consisted mainly of submicrometre-size
grains of SYSZ. The other coating region, which was only partly
melted (marked PM), largely retained the microstructure of the
starting nanopowder, thus principally making up nanometre-sized
grains of SYSZ (nanozone). The particle size of this splat-
quenched SYSZ was extremely small (20–70 nm, inset Fig. 8c).
Moreover, fractured cross-section of both coatings showed that
splats had microcolumnar-grain structure. This columnar structure
was formed by directional solidification at rapid cooling [25,26].
The cross section morphology of nanostructured YSZ coating,
produced from commercial YSZ granules (Nanox S4007, Infra-
mat Company, USA) was reported in other research [6,7]. No
significant differences were observed between the micrographs of
SYSZ and YSZ nanocoating. The contribution of this two-scale
coating structure to the enhancement of coating properties can be
compared to the conventional micrometre-sized coatings, as
clearly shown elsewhere [6,7]. However, most studies have
focused on the impact of plasma spraying variables on the
amount of the preserved nanostructure area, while the role of
granulated feedstock has hardly been addressed. In view of the
above, the total void content of the coatings, as well as the
amount of semi-molten areas (partially molten area, PM), was
estimated by image analysis at 200, 500 and 1000 magnifications
(Fig. 9). These magnifications enabled void content and semi-
molten nanozone areas to be estimated for comparative purposes.
However, voids could not be readily distinguished from semi-
molten areas because both areas were detected as black particles.
To perform this identification, the binaries image of the sample
was first obtained in black and white colors. Subsequently, the
assignment of the distribution of black areas was made as
follows: voids plus semi-melted area (total area of black
particles), voids (total area of black particles minus areas of
black particles with a surface area greater than 150 μm2), and
semi-melted areas (area of black particles with a surface area
greater than 150 μm2). The 150 μm2 threshold for the semi-
molten areas was assigned after microscopic observation of many
of these areas. The void content data at 500 magnifications are
detailed in Table 1. The results at 200 magnifications were very
similar to those obtained at 500 and 1000 magnifications, but a
better differentiation was observed between the voids and the
semi-molten areas at 500 and 1000 magnifications. These results
showed that solid granulates (Fig. 9a and b) obtained from non-
ball-milled nanopowder seemed to lead less porous coatings in
which the amount of semi-molten areas was also reduced more
than the YSZ coating (Fig. 9c and d). These findings showed that
controlling feedstock characteristics enabled the amount of voids
and semi-melted areas to be appropriately adjusted.

3.4. Thermal insulation capability

The main task of the TBCs is to reduce the heat transfer to
the hot-section metal components. Therefore, the thermal
insulation capability is considered as one of the most sig-
nificant factors in evaluating the performance of TBCs. In this



Fig. 9. Optical (a–d) and back scattered SEM (e and f) images of cross section of SYSZ and YSZ APS coating, with different magnifications (magnification of
optical image is equal to 200).

Table 1
Voids and partially melted areas of APS coatings determined by the image
analysis software.

Coating sample Voids+PM areas (%) Voids (%) PM areas (%)

YSZ 3674 471 3273
SD2 (solid SYSZ granules) 2773 772 2074
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study, the thermal insulation capability of TBCs was evaluated
by the temperature drop across TBCs.

Fig. 10 presents the recorded heating temperature curves of
the electric furnace (T0), backside of substrate coated with
TBC (T1), and the backside of substrate without TBC (T2)
versus time for the commercial (curve a) and SD2 (curve b)
coatings. Based on the results, thermal insulation capability for
SD2 (SYSZ, solid granules) and YSZ (porous granules) TBCs
was found to be 54 1C and 158 1C, respectively. It should be
noted that the low thermal insulation capability value of SYSZ
coating was due to contamination of SYSZ nanocoating with
Fe element during spray drying of SYSZ suspension (Fig. 11).
In future work, pure SYSZ granules will plasma sprayed that
their result will report in other research. Furthermore, accord-
ing to the results of semi-empirical calculations, it can be
concluded that the thermal conductivity decreases with an
increase in ionic radius of dopants, caused by the reduction in
the mean free path of phonons and the presence of excess grain
boundaries [15,16]. Thus, another reason for the lower value of
SYSZ thermal insulation capability is the ionic radius of Sc3+

(0.081 nm) was less than radius of Y3+ cations (0.093 nm).
Furthermore, nanostructured ceria stabilized zirconia (CSZ),
with 200 and 400 mm thickness, shows thermal insulation
value of 92 1C and 155 1C, respectively. This demonstrates
that the thermal insulation capability of the nanostructured
TBC prepared from porous granules, as compared to the one
prepared from plasma spraying of solid granules, was higher.
Indeed, heat transfer from the plasma to the nanoparticles
differed completely in nanostructured porous agglomerates
from that in irregular solid ones. This is basically because
heat diffusion is slower in comparison to dense agglomerates
[4,6]. So, this caused to produce different partially and non-
melted area (nanozone) and thermal insulation capability of
both coatings. Moreover, Lima et al. [6] showed that in the
case of TBC, the void microstructures were determined by



Fig. 10. The heating temperature curves of the electric furnace (T0), backside
of substrate coated with TBC (T1) and backside of substrate without TBC (T2)
versus time for the SD1 (SYSZ, solid granules) (a) and commercial porous
YSZ (b) coatings.

Fig. 11. The EDS analysis of SYSZ nanocoating.
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both the spraying conditions and the feedstock material.
Moreover, Diez and Smith [27] and Wigren et al. [28]
explained the effect of powder characteristics in TBC proper-
ties. Thus, controlling and optimizing powders morphology
appear to be the first step for enhancing the thermal behavior
of plasma sprayed TBC.
The ability of thermal insulation of plasma-sprayed SYSZ

and YSZ coatings can be attributed to characteristics of crystal
structure and microstructure that result from the spraying
process. The microstructure of plasma-sprayed TBCs con-
tained a network of microcracks and porosities providing low
thermal conductivity through thickness [6,29–33]. The plasma-
sprayed ceramic conventional coatings exhibited a bimodal
distribution of porosity including coarse pores resulting from
incomplete filling of interstices among previously deposited
particles and fine pores resulting from incomplete contact
between the two piled up splats [6]. It can be seen from Fig. 8
that the nanostructured SYSZ coating exhibited a trimodal
distribution of porosity, including coarse pores resulting from
incomplete filling of interstices among previously deposited
particles and fine pores resulting from incomplete contact
between two piled up splats, as well as the nanoporosities
associated with the nanozones (Fig. 8c). Therefore, the
presence of this source of porosity in nanostructured coating
(porous YSZ granules show more nanozone percent than solid
SYSZ ones) increased the thermal insulation value.
4. Closing remarks and conclusions

The fabrication of high-quality sprayable coatings with
nano-sized powders was the research focus, but the nanopow-
ders used to make ceramic coatings with low flowability and
densities have led to the worse properties of coatings. So, this
work demonstrated a simple and industrial method for the
upgrading of a nano-sized SYSZ nanopowder into granules by
spray drying which was followed by consolidation thermal
treatment. Semi-spherical non-dusty granules with good flow
properties could be produced in a spray dryer with 5 wt%
PVA. These granules had a smooth surface that showed
why this powder had a good flowability. All coatings
displayed a two-scale microstructure with partly molten
agglomerates that retained the initial nanostructure of the
feedstock surrounded by a fully molten matrix. The amount
of semi-molten areas, as one of the source of porosity in APS
nanocoating, could be regulated by adjusting the feedstock
characteristics. Results showed that porous YSZ granules
yielded coatings with higher porosity and thermal insulation
capability than solid ones.
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