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Nanostructured ceramic coatings are a promising research hotspot in the field of thermal protection
coatings. Suspension plasma spraying is a practical thermal spaying technique to produce nanostructured
thermal barrier coatings. In this paper, nanostructured 8YSZ (8 wt.% yttria-stabilized zirconia) thermal
barrier coatings were fabricated using feedstocks of nano-8YSZ suspension by suspension plasma spraying,
which was improved from air plasma spraying equipment attached to the atomizer feedstock device.
Coatings microstructural analysis and testing were carried out by scanning electron microscope (SEM), and
porosity was measured in cross-sectional SEM micrograph. The single scanning deposition status of 8YSZ
coatings was investigated, analyzing SEM micrographs of single scanning coatings using different process
parameters that included other solvents and additional locations in the plasma jet. The results show that
deposition efficiency is higher using alcohol as a solvent, and a better melting state existed in the middle of
the plasma jet. The cross-sectional microstructures in different thickness coatings were comparatively
researched. More defects were observed in the microstructure of thicker coating, which can be produced by
more residual thermal stress. This dramatically improves the thermal cycling performance of the coating.

Keywords thermal barrier coatings, suspension plasma spraying,
YSz

1. Introduction

Because of the higher combustion temperature of the new
generation of aircraft turbine engines, the heat resistance of
component materials has higher requirements (Ref 1). Thermal
barrier coatings (TBCs) have been developed for metal parts
(such as combustion chamber inner walls and turbine blades.)
that can endure higher temperatures while improving engine
performance (Ref 2). In accordance with this purpose, thermal
barrier coatings (TBCs) are used to increase the lifetime of gas
turbine engine components that have not reached desired levels
yet (Ref 3). Thermal barrier coatings (TBCs) are protective
coating systems that are mostly utilized to improve the thermal
insulation and functional performance of gas turbine engines
and other aircraft components that are both stable and movable
(Ref 4-7). Thermal Barrier Coatings (TBCs) are generally used
in both industrial gas turbines and aircraft engines (Ref 8-10).
Thermal barrier coatings (TBCs) are used to protect metallic
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components of gas turbines against such failures (Ref 11). The
following techniques were used to prepare thermal barrier
coatings: electron beam-physical vapor deposition (EB-CVD)
(Ref 12-14), chemical vapor deposition (CVD) (Ref 15), the
cold gas dynamic spray (CGDS) (Ref 16), and plasma spraying
(PS) methods. The PS and EB-PVD were necessary procedures
in this field of TBCs (Ref 17, 18). PS techniques include
vacuum plasma spraying (VPS), low-pressure plasma spraying
(LPPS), atmospheric plasma spraying (APS), and liquid-phase
thermal spraying (LPS) (Ref 19-21).

In recent years, liquid-phase thermal spraying technology
has been well-known by engineering researchers, especially in
the field of nano/submicron surface engineering, which has
achieved efficient nano-coatings by liquid-phase thermal spray-
ing technology and applied to many new research areas [22).
Liquid-phase spraying is a new type of technology of coating
prepared by liquid-phase feedstocks through a new feeding
device on the original thermal spraying equipment. The liquid-
phase material was mainly used as the carrier of coating
materials and was heated into the gas phase during thermal
spraying. The suspended materials or solutes in the liquid
phase, with the evaporation of the liquid solvent, were
physically transformed into small particles and aggregated.
Unique feedstocks were deposited on the substrates, forming
coatings with unique structures. This method was used in this
study; various layers were prepared in previous papers. Stefan
Kozerski et al. (Ref 23) prepared thermal barrier coatings of
micron powder YSZ suspensions by suspension plasma
spraying with a suitable adhesive interface between the layer
and the substrate (Ref 24, 25). Bacicini et al. (Ref 26) presented
YSZ coatings with typical nanostructures using liquid-phase
thermal spraying with an average grain size of 50 nm. Fauchais
P et al. (Ref 27) showed that YSZ coatings by liquid-phase
thermal spraying have better thermal shock properties than YSZ
coatings by powder plasma spraying. The lower crack density
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can be seen by microscopic characterization, and longitudinal
cracks were shown in the coatings prepared by liquid-phase
thermal spraying after thermal shock (Ref 28). These longitu-
dinal cracks effectively dispersed the thermal stresses generated
during the thermal shock process. In this paper, nanostructured
8YSZ thermal barrier coatings with nanostructure were pre-
pared by suspension plasma spraying with nano-YSZ suspen-
sion feedstocks, focusing on the process parameters.

2. Experimental

The GH4169 high-temperature alloy was selected as
substrate material, made into ®20 x 6 disks, which were
cleaned with acetone and sandblasted before spraying.
NiCoCrAlY bonding coating, about 50-80 um, was spread by
conventional atmospheric plasma spraying. The top ceramic
coatings of the thermal barrier coating system were prepared by
suspension plasma spraying. The suspension feedstocks were
suspensions of ceramic powders dispersed in an alcohol
medium, which were injected into the plasma jet of the plasma
spraying. The main process parameters of the plasma spraying
equipment in the suspension plasma spraying process are
shown in Table 1.

The solid phase content of the nano-powder in the nano-
powder suspension was about 30-50 wt.%. The ball milling
media in the stirred ball milling process were zirconia balls of
®20, ®10, and @5, which were graded according to the weight
ratio of 3:4:3. The speed of the stirred ball mill was 60 rpm, the
dispersion medium was alcohol or deionized water, PEG1000
was added, and the ball milling time was 4-24 h. The
temperature of the suspension during ball milling did not
exceed 40 °C. After ball milling and filtering through a 300
mesh sieve, the slurry was placed in a sealed sample and set
aside. The prepared suspensions need to be free of significant
stratification within 24 hours. The rest should be stirred with a
mechanical stirrer to avoid the soft agglomeration and precip-
itation of the nano-powders.

The microscopic morphologies of the raw materials and
plasma sprayed coatings were analyzed by optical microscope
(MC 80DX, Carl Zeiss, Germany) and scanning electron
microscope (SEM, S-3400, Hitachi, Japan), respectively. When
analyzing the surface morphology of thermal spraying raw
materials by SEM, the sprayed powder was dispersed uniformly
on the conductive adhesive and gold-sprayed. When analyzing
the microstructure of the coating surface by SEM, the scattered
specimens were cleaned with ultrasonic alcohol and sprayed
with gold. When analyzing the cross-sectional microscopies of
the coatings, the process of sample preparation is as follows:
the sprayed coating specimen was vertically cut by diamond
wire saws to make a cross-sectional specimen. The specimens
were embedded into epoxy resin to expose only the cross
section and ground and polish (Fig. 1).

Table 1 Suspension plasma spraying process parameters

100nm
| —

Fig. 1 (a) SEM and (b) TEM images of nanosized 8YSZ
feedstocks

The physical phases of the sprayed powders and coatings
were analyzed using an x-ray diffractometer (XRD) (D8
manufactured by BRUKER-AXS, Germany) with copper target
Ko rays (A = 1.5418 A), graphite monochromator filter, scan-
ning speed of 10°/min, step size of 0.02°, accelerating voltage
of 40KV, current of 100 mA. XRD theta-2theta scanning was
carried out in the plane normal to the sample surfaces with a
2theta-angle range between 20° and 80° with a scanning speed
of 40 min™'. The approximate grain sizes of the nanostructured
material under test were analyzed using XRD diffraction
patterns, and the grain size D was calculated by the Scherrer
equation (Ref 29, 30) (1).

D = k//fcos0 (Eq 1)

where: D—average width in the direction of the vertical crystal
plane.A—the wavelength. 3—diffraction peak half-height width
(FWHM).0—the diffraction angle. K—constant, taken as 0.89.

Thermal shock resistance of thermal barrier coatings refers
to the ability of the layers to resist thermal stress and avoid
cracking and peeling during the course of repeated heating-

Current, A Voltage, V

Fogging pressure, bar

Feeding rate, ml-min " Spray gun speed, m's™"

650 60 0.1-1

10-20 0.5-2
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cooling alternating changes. The thermal shock resistance of
the thermal barrier coating was tested by referring to the
Japanese Industrial Standard JIS 8666-1990 (Ref 20). The
temperature of the furnace was set at 1000 °C. When the
furnace was raised to the set temperature, the test specimen was
placed into the middle of the stove. After the illustration
endured in the furnace for 5 min, they were quickly removed
and quenched in room temperature water, dried with an electric
hand dryer, and observed with a magnifying lens to observe
cracks, flaking, and peeling on the surface. A digital camera
was taken pictures of thermal barrier coatings after each
thermal cycle, and the mass value of the specimen was weighed
on an analytical balance (Suture BSA224, Suture Scientific
Instruments (Beijing) Co., Ltd., Beijing, PR China). After
cooling, the specimens were put into the resistance furnace
again. Repeating the thermal shock cycle until the area of
cracks, peeling, and flaking of the coating accounts for more
than 20% of the whole coating area, the layer is considered to
be invalid, and the thermal shock test is terminated.

3. Results and Discussion

3.1 Parameters of SPS for YSZ Coatings

3.1.1 Feed Atomization. In this research, suspension as
the thermal spraying feed was atomized by twin-fluid atomizer
which was assembled on the plasma spray torch. The atomiza-
tion status of suspension contained 30 wt.% of 8YSZ solid
phase is shown in Fig. 2. Suspension was deformed into a cone
under high-pressure air driven and static air impeded. Here, the
droplets are divided into three parts and have different shapes.
At the midline of the cone, the mist droplets are almost

spherical.

From the comparison of the SEM analysis results, as the
concentration increases, the atomized particles increase and the
spread area of deposition after spraying increases gradually, but
after reaching a certain level, the spread area of individual
particles decreases which indicates that the oversized droplets
will break into small pieces under the impact of the plasma
airflow instead. From the point of view of deposited particles, at
low feeding speeds, the number of deposited particles formed is
small because the tiny droplets formed do not gain enough
kinetic energy to enter the plasma and the flame edge
temperature is not sufficient to evaporate and melt the solid
phase particles. When the feeding speed is increased, the
particles of the suspension atomization are significantly
increased, and the kinetic energy and momentum obtained are
greatly increased to enter the interior of the plasma flame
stream. Under the action of high temperature and thermal
energy, the dispersed medium in the suspension droplets can be
rapidly evaporated and the remaining solid phase in the droplets
can be rapidly warmed up and deposited on the surface of the
substrate to form a coating under the impetus of the plasma
flame stream. From the point of view of deposited particles,
when the feeding speed is low, the number of deposited
particles formed is small because the small droplets formed do
not gain enough kinetic energy to enter the plasma and the
temperature at the flame edge is not sufficient to evaporate and
melt the solid phase particles. When the feeding speed is
increased, the particles after atomization of the suspension are
greatly increased, and the kinetic energy and momentum
obtained are greatly increased to enter the interior of the plasma
flame stream, and under the action of high temperature and
thermal energy, the dispersed medium in the suspension
droplets can be rapidly evaporated and the remaining solid
phase in the droplets can be rapidly warmed up and deposited

Fig. 2 Atomization status at (a) center, (b) near center, (c) margin of beam during the feed of suspension thermal spraying
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on the surface of the substrate to form a coating under the
impetus of the plasma flame stream. It can be seen from the
figure that when the feeding rate reaches a feed rate of 21 ml/
min, a typical spray deposit state is formed, and a good bond is
formed. The greater the feed rate, the higher the efficiency of
the spraying, so 21 ml/min was chosen as the feed rate
parameter after optimization.

3.1.2 Solvent of Suspension. In SPS, suspension feed-
stocks are different from powders feedstocks in APS. Suspen-
sion is composed of solvent and solid particles. The solid
particles can be deposited on the matrix to fabricate the
coatings. And solvent can be acted as a carrier of fine particles
and improve the liquidity of feedstocks. However, solvent
would consume thermal energy and influence deposition of
coatings. Water is one of the commonly used leaching solvents,
which is economical and easy to obtain, with high polarity,
wide solubility range and strong safety, and can be mixed with
ethanol, glycerol, and other polar solvents. Compared with
water, ethanol has small specific heat, low boiling point and
small latent heat of vaporization, so it consumes less heat than
water in the process of evaporation and concentration of
leaching solution. Common solvents are selected to justify the
choice of suspensions. In Fig. 3, three kinds of solvents were
selected, which were full water, 50 wt.% water + 50 wt.%
alcohol and full alcohol. The existence of water increased
energy consumption in solvent due to its higher evaporation
enthalpy than alcohol. It can be seen in Fig. 4, with less water
in the solvent, molten particles decreased significantly, because
the value of water vaporization heat is bigger than alcohol
vaporization heat, the vaporization heat of water is 2257.2 kJ/
kg at the temperature of evaporation point 100 °C, and

vaporization heat of alcohol is 855 kJ/kg at temperature of
evaporation temperature 78.3 °C. In the process of SPS, liquid-
phase evaporation consumes a lot of heat and leads to
insufficient heat. Therefore, alcohol is more suited for the
liquid media of suspension in the SPS process.

3.1.3 Scanning Times. The scanning speed of plasma
torch was uniformly 1 m/s in this paper, and the thickness of
the coating was controlled by scanning times. From Fig. 5, the
conclusion can be drawn out that the deposition rate of SPS was
about lum per scanning. The deposition rate slightly increased
when scanning time was prolonged to fabricate thicker
coatings. In Fig. 5(a) and (b), the cross-sectional microscopies
of YSZ coatings were uniform with porosity (about 7%). In
Fig. 5(c), vertical and horizontal cracks can be seen in the cross
section, which can be due to the more residual stress existing in
the thicker coating. Therefore, the coating thickness of coatings
fabricated by SPS should be controlled under 300um.

3.2 Deposition Mechanics of Suspension Plasma Spraying

Suspension feedstocks were different from Conventional air
plasma spray in the process of suspension plasma spray. Fig. 6
shows the process mechanism that suspension evolved from
liquid to coating. Suspensions firstly were atomized in two-flow
atomizing nozzle into droplets which sizes were 60-80 yum in
accordance with feedstock sizes of APS. Fog drops were
injected into the plasma jet under the drive of the airflow from
the atomizing nozzle. Solvents in suspension fog drops were
evaporated, which led to aggregation and partly sintering of
nanoparticles in suspension. Then, the outside surface of the
aggregation partly melted. At last, the aggregation with melt hit
specimen surface to form deposition coatings.

Fig. 3 SEM images of single scanning of coatings fabricated by different feed rates (a) 16 ml/min; (b) 21 ml/min; (c) 27 ml/min; (d) 31 ml/

min
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Fig. 5 Cross-sectional SEM images of 8YSZ coatings fabricated by scanning speed 1 my/s and different scanning times (a) 150 times (120um
thickness); (b) 300 times (300 um thickness); (c) 900 times (960 um thickness)
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3.3 The Surface Microscopy of the YSZ Coatings

SEM images of coatings surface are shown in Fig. 7.
Surface morphology of the coatings by suspension plasma
spraying is like that of coatings by ordinary atmospheric plasma
spraying with layered structure. The diagram shows that this is
a surface structure formed by the accumulation of particles.
However, finer microstructure can be found in the surface
morphology of the coating produced by suspension plasma
spraying in comparison with conventional atmospheric plasma
spraying. In Fig. 7(a), in low-magnification SEM image,
average diameter size of the splats is about 70-80 microns. And
in Fig. 7(b), SEM images at magnification 2000 x , it can be
shown that the deposited structure of droplets is very tight with
some micropores, which are very small about 1 um. The SEM
images were converted into black and white two-bit images
using Image-Pro Plus software. The number of pixels in the
white part was sampled and counted, and the number of pixels
divided by the total number of pixels in the whole image was
the porosity. Fig. 7(c) magnification 10,000 x, little droplets
about 2 um were deposited on former deposited splats, and all
surfaces were composed of nanosized fine spheres (~100 nm)
which caused a lot of interface defects in microstructure of
coatings. These obvious interfaces greatly improved the
thermal insulation efficiency of thermal barrier coating, and
those also had a significant obstacle on the crack propagation
lead to improve the thermal shock resistance of coatings.

3.4 XRD Analysis

The XRD patterns show that the as-sprayed coatings and the
feedstocks are composed of ((ZrO2)0.92(Y203)0.08)0.926 tetrag-
onal zirconia phases according to PDF#70-4431 in Fig. 8. The

Fig. 7 Scanning electron microscope images of coating surfaces at different magnifications: (a) 500x, (b) 2000x , (c) 10000 x
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Fig. 8 XRD patterns of nanoparticles and coatings of YSZ

grain size of as-sprayed coatings determined by the Scherrer
equation is 45 nm, and that of feedstocks is 28 nm. Although
the average grain size grew obviously, the grain size of as-
sprayed coatings remained at the nanometer scale.

3.5 Thermal Shock Tests

The thermal shock cycle with water quenching was
conducted in 1000 °C high-temperature furnace. The surface
spallation area of the suspension plasma spraying coating
reached 20% after 160 cycles, which was significantly higher
than 50 cycles of the YSZ coating sprayed by atmospheric
plasma spraying (Ref 26). The results were related to the nano-
sized microstructure of coatings by suspension plasma spray-
ing. There were a lot of grain boundaries in the nano-structured
coatings, which could effectively absorb the energy generated
from thermal stress due to thermal cycling. The photographs of
the coating before and after thermal shock are shown in Fig. 9,
in which the spallation locations of coating were mainly at the
edges of the specimen. The spallation of the TBCs was caused
by the concentration of thermal stress from the mismatch of
thermal expansion between 8YSZ and matrix. The cross-
sectional microstructure and surface microstructure of the
coating after thermal shock failure are shown in Fig. 10. The
development of longitudinal cracks in the coating can be seen
in the cross-sectional microstructure, with a clear TGO on the
adhesive layer where cracks are clearly deflected. Some block
spallation and obvious cracks were found on the surface, seen
in Fig. 10(b). The results show that the failure of the coating is
caused by the growth of cracks in the coating, where the
appearance of thermal stresses is the main reason for the
appearance of cracks, along with the flaking of some weak
bonded parts from the coating surface.
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Fig. 9 Photos of specimens (a) as-sprayed YSZ coatings, (b) YSZ
coatings after thermal shock tests

4. Conclusions

In this paper, 8YSZ thermal barrier coating was successfully
prepared by suspension plasma spraying (Ref 31). Through the
analysis of the coating preparation process and the research of
coating properties, the following conclusions were concluded:

(1) Suspension plasma spraying process was mainly com-
posed of suspension atomization, evaporation, sintering
agglomeration, melting, impaction on the substrate to
form a coating.

(2) Feeding speed, suspension dispersant and spraying time
had an influence on the structure of the coating in the
preparation process of the coating.

(3) Thermal cycling performance of the coating by suspen-
sion plasma spraying was better than that by air plasma
spraying, the cracks propagation was the main reason

Journal of Materials Engineering and Performance



Fig. 10 Cross-sectional (a) and surface (b) SEM images of coatings
after thermal shock tests

for the failure of the coating, and this significantly im-
proved the thermal insulation efficiency of the thermal
barrier coating, which also had a significant impact on
crack extension and improved the thermal impact perfor-
mance of the coating.
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