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1. Introduction

The artificial - designed segmentation cracks in the ceramic layer
of the thermal barrier coatings is an excellent choice by using the
atmospheric plasma spray (APS) method under a low cost on the
applications of aircraft engines or gas turbine engines. The residual
thermal stress energy of the coatings with a certain inter-space of
vertical cracks during the thermal cycling test is released through
the cracks. The coating with vertical cracks was found out to be
superior to other coatings with conventional lamellar structure
[1]. This process by using the atmospheric plasma spray method
usually deposited a dense layer of YSZ (usual thickness of 0.5-1.5
mm) and heating the substrate over 773 K with an auxiliary device
previously, even for a complex curved surface of the vanes.

Furthermore, YSZ coatings with dense vertical cracks can also
be deposited by using the suspension plasma spray (SPS) method
[2]. This process was prepared by using the nano-sized feed pow-
ders (e.g. 0.1—1 pm) that were dissolved in water, ethanol or ethyl
acetate and also with an auxiliary heating device of the substrate
during the whole process [13,14]. Fine void networks at the inter-
space of the vertical cracks of coatings were enhanced the phonon
scattering and leaded a low thermal conductivity than other coat-
ings [3,4]. However, the deposition rate by using the SPS method
do not exceed than one third of the deposition rate of APS method
[5,6].

Therefore, both of the current plasma spray processes are
focused on the increase of the substrate temperature and liquid
splat temperature in order to obtain vertical cracks at the cross-
section of the coatings. However, both using the axial injection way
or the radial injection way of the feed powders inside or out of
the plasma torch, the spray distance is usually in the range of 30
mm-180 mm for the APS and SPS process. Especially, the maximum
spraying distance is about 200—250 mm by using a high energy
Triplex Plasma Torch [7]. A more short spray distance of 35—-80 mm
is employed in the SPS process. In these conditions, the lengths of
the plasma jet from the non-transferred arc plasma torch are not
exceeded 250 mm in an atmospheric environment whatever using
nitrogen, helium, argon or these mixture gases (total gas flow rate
>25 standard liter per minute) [8]. A large temperature gradient
(>200 K mm~1) is existed in these plasma jets in an atmospheric
environment [8,9]. Thus, it cannot be used to preciously control the
substrate temperature during the deposition.

Moreover, the particle velocity and temperature were simulta-
neously increased with the increase of output power of the plasma
torches basing on the consideration of deposition rate. However,
the length of the plasma jet is not apparently increased as the
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increasing of the output power of plasma torch in the range from 30
kW to 100 kW. The particle temperature is not apparently increased
as a short flight time in the plasma jet [10]. In addition, an auxiliary
heating part that is designed on the size of the substrate must heat
over 773 K before and during the deposition.

An alternative type of the plasma jet in the atmospheric envi-
ronment is the laminar plasma jet or quasi-laminar plasma jet,
which generate by a novel non-transferred arc plasma torch since
1995 [11]. Until now, the maximum length of the plasma jet in the
atmospheric environment is about 1000 mm. The output power
of this type of plasma torches ranges from 0.9 kW to 70 kW by
using argon, hydrogen, nitrogen or mixtures gases at different con-
ditions [12]. The long laminar plasma jet can effectively reduce
turbulent cold gas entrainment and the rapid axial attenuation of
the jet temperature and velocity [13]. This method may provide a
super-long particle flight time for the atmospheric plasma spray
process [14,15].

Therefore, this paper investigates a YSZ coating with high den-
sity vertical cracks by using a long, silent and stable laminar plasma
jet in the ambient air. Microstructures and high-temperature per-
formances of the YZS coating were demonstrated in the following
sections.

2. Experiments and methods

Experiments were preformed on a newly developed laminar
plasma spray system by using 70 % nitrogen and 30 % argon at a total
gas flow rate of 9 SLPM as it is shown in Fig. 1. A very focused depo-
sition position was found when the laminar plasma jet impinges
on the substrate (Fig. 1(b)). The powders did not fly around dur-
ing the deposition [9,12]. It can be used to heating and controlling
the substrate temperature through spraying distance, torch mov-
ing interval and velocity. The output power of the plasma torch is
about 25.4 kW at a current of 160 A [11,15].

The feed material is 8 % yttria stabilized zirconia powder (Metco
204 B-NS, —75 ~ +39 pm, Sulzer Metco, Westbury, USA) in Fig. 1(d).
The plasma torch moving interval and velocity in a plane substrate
is4 mmand 0.5 ms~!, respectively. The spraying distance is chosen
as 270 mm. The thermal diffusivities of the coating after thermal
exposure were measured using a laser-flash apparatus (Netzsch,
LFA-427, Germany) [ 16]. Microhardness Knoop and Vickers inden-
tations were used to measure the elasticity modulus and hardness
on the cross-sections of the coating using the HXZ-1000 microhard-
ness indenter [17]. The top surface roughness of the coating was
measured by using the Keyence color 3D laser scanning microscope
(VK-9700, violet laser). The microstructure observations of coat-
ings used the scanning electron microscope (SEM VEGA I, TESCAN,
Czech), including the top surfaces, cross sections and fracture sur-
faces. The samples for Electron Back-Scattered Diffraction (EBSD)
investigations were performed on the cross-section of the coat-
ing under an acceleration voltage of 20 kV with a step size of 100
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Fig. 1. Photos of the laminar plasma jet in the atmospheric environment (a); the laminar plasma jet impinges on the substrate (b); the used airfoil substrate in (¢) and
the cross-section of a feed YSZ powder in the experiment (d); experimental measured particle velocity (e) and surface temperature (f) at different spraying distances that

compared with other results.

nm. Image quality (IQ) maps, inverse pole figure maps (IPF) and
colorcoded grain size distribution maps were used in this paper.

CMAS powders (from sand, debris, fly ash, or volcanic ash) of 33
mol% Ca0, 9 mol% MgO, 13 mol% Al,03 and 45 mol% SiO, were pre-
pared to investigate high temperature corrosion on the surface of
ceramic coatings in three different experiments. The contact angle
of CMAS bulk materials on the surface of the coating, CMAS high
temperature exposure at 1523 K for 24 h on the surface of the coat-
ing and molten CMAS droplets impinging on the thermal barrier
coating were studied respectively.

3. Results and discussion

The widely used DPV-2000 Particle Diagnostics System (Tech-
nar., Ltd, DVP-2000, Canada) was used in-situ measurement when
the particles flowing in the laminar plasma jet at different spray-
ing distances (from 50 mm to 400 mm). The maximum velocity and
temperature of the plasma gas at the nozzle exit of the plasma torch
by computational fluid dynamics method is about 1500 m s~! and
17000 K [18], respectively. The particle velocity in this work rapidly
increased in the range from 50 mm to 250 mm (Fig. 1(e)). The maxi-
mum velocity of the particles at the spraying distance of 250 mm is
224.7 ms~1. Then, the particle velocity decreased slightly up to the
spraying distance of 400 mm. The distributions of particle surface
temperature in the range from 50 mm to 400 mm are all higher
than other results in Fig. 1(f) and Table 1. The particle surface tem-
perature in this work is very close to the boiling point of the YSZ
materials. Therefore, the YSZ particles flow through a long distance

after injection at the nozzle exit when the laminar plasma torch
operate in a lower output power and gas flow rate comparing with
other APS methods.

The microstructures of the as-sprayed coating were shown in
Fig. 2. The apparently vertical cracks from the top to the bottom
of the coating were found as a minimum density of 4 per millime-
ter from the polished cross-section whatever for the as-spray fresh
coating (Fig. 2(a)) or for the coating after thermal exposure of 48 h
(Fig. 2(b)) and 100 h (Fig. 2(c)) at 1473 K. A mass of multi-islands
protrusions were distributed uniformly from the observation on
the top surface of the coating in Fig. 2(d). The crack networks were
generated around the inter-space of each two island protrusions
and connected with the vertical cracks at the cross-section of the
coating (Fig. 2(e)). Further, the top of an island protrusion featured
as plenty of nano-agglomerated villous structures (Fig. 2(f)). Laser
scanning top surface microstructures were shown in Fig. 2(g)-(i)
for the scanning area of 1.4 mm?2. The surface roughness (R;)
at the top surface of the coating is in the range of 29.85-37.73
m.

The variations of hardness and elasticity modulus of the coating
after thermal exposure were plotted in Fig. 2(j) and compared with
other results of plasma sprayed coatings. The hardness and elas-
ticity modulus of bulk YSZ material is chosen 15 GPa and 200 GPa
[23], respectively. For the as-sprayed fresh coating in this work, the
value of mean hardness is greater than other results by using con-
ventional APS methods of lamellar structures and vertical cracks
structure or SPS method. The measured elasticity modulus and
hardness are all increased after thermal exposure for 48 h at 1473
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Table 1
Comparison of experimental parameters in Fig. 1(e) and (f).
Business name Powders Output power Gas flow rate Refs.
Praxair SG-100 Torch 8YSZ, Al-1075, Praxair, US 32 kW, =800 A Ar/He = 48/12 SLPM [19]
Metco A -2000 8YSZ, FuJimi, Japan 40 kW, I = 600 A Ar/H; = 35/12 SLPM [20]
Sulzer F4VB Torch 8YSZ, Metco -204NS, US 36 kW, =600 A Ar/H; = 45/15 SLPM [21]
. 8YSZ, Metco _ Ar = 40-50 SLPM
Triplex Pro-200 Gun _204NS, US 52 kW, I = 480-520 A He = 4-10 SLPM [22]
Triplex Il Gun 8YSZ, Metco 50 kW, I = 470/550 A Ar =40-50 SLPM 6]
—204NS, US He =4 SLPM
This Work 8YSZ, Metco -204B-NS, US 254 kW, 1=160 A N, /Ar=6.3 /2.7 SLPM
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Fig. 2. The polished cross-sections of the as-sprayed coating (a), thermal exposed coatings at 1473 K for 48 h (b) and for 100 h (c); the top surface morphology of the
as-sprayed coating (d), thermal exposed coatings at 1473 K for 48 h of (e) and for 100 h of (f); 3D top surface laser scanning microstructures of the as-sprayed coating (g),
thermal exposed coatings at 1473 K for 48 h (h) and for 100 h (i) ; the hardness, elasticity modulus and thermal conductivity variations between the as-sprayed coating,
thermal exposed coatings at 1473 K for 48 h and for 100 h are presented in (j) and (k), respectively. Also, thermal cycling lifetime were compared in (k).

K. These results varied a little after continued thermal exposure to
100 h at 1473 K. The thermal conductivity varied with the increase
of temperature in the range of 1.35 W m! K- -1.0 W m~! K!
for the as-sprayed coating and these results rapidly increased to
the maximum value of 1.75 W m~! K- at the room temperature
(298 K) after thermal exposure for 48 h at 1473 K. However, the dis-
tributions of thermal conductivity did not greatly vary when keep
heating at 1473 K up to 100 h. Accordingly, the sintering in the YSZ
coating during thermal exposure is an spontaneous process, but
it was observed that the vertical cracks can not be effectively sin-
tered in this work. Thermal barrier effect of the YSZ coating with
the high density vertical cracks still work after 100 h exposure at
1473 K.

The result of thermal cycling test (furnace heating to 1150 °C for
15 min and air cooling in 5 min) in this work was shown in Fig. 2(k)
and compared with other coatings by using APS method and SPS

method (1121 °C for 10 min and air cooling) [17,18]. The results of
this work are closed to the SPS results and higher than the result
by conventional APS method (Table 2).

Electron Back-Scattered Diffraction (EBSD) analysis was per-
formed on the cross-section of the coating in Fig. 3 with a step
size of 300 nm. For the as-sprayed coating in Fig. 3(a, d, b, e), very
fine grain boundaries were shown at the bottom of the coating due
to a rapid solidification process when the impinging YSZ droplets
flattens on the substrate at the beginning. In the experiment, the
deposition rate (mm s~!), mass flow rate (kg s—!) and heat flux
(W mm~2) from the plasma jet to the substrate are all constant.
Thus, the distributions of impinging droplets are almost uniform in
several repeated scans of the plasma spray. Therefore, coarsened
grains existed at the top layer of the coating due to the increas-
ing of the droplets solidification time with the increasing of the
coating thickness. In addition, the inter-space of the crack at the
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Table 2
Experimental parameters in the manufacturing of vertical cracks of YSZ coatings.
Methods Cracks density Thermal Coating Feed power Spraying Auxiliary Refs.
/Authors (mm-1) conductivity thickness (mm) size (um) distance (mm) heating of the
(Wm'K") Substrate
Guo et al. 0.5-3.6 0.8-1.5 0.-1.5 39-75 70-110 Yes [1]
(2004) by APS
Karger et al. 3.5-8.9 1.4-1.8 0.3-0.5 9-51 80 Partly Yes [27]
(2011) by APS
Jordan et al. 1-3 0.6-0.8 0.2-1.5 0.3-0.95 38-57 Partly Yes [28,29]
(2014) by SPS
This Work 4-5 0.9-1.35 0.15-0.18 39-75 270 No
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Fig. 3. EBSD analyses on the polished cross-section of the as-sprayed coating of (a), thermal exposed coatings at 1473 K for 48 h (b) and for 100 h (c); IPF-Z orientation maps
between the as-sprayed coating (d), thermal exposed coatings at 1473 K for 48 h (e) and for 100 h (f); grain size distributions in the as-sprayed coating (g), thermal exposed

coatings at 1473 K for 48 h (h) and for 100 h (i).

top of the coating is larger than it at the bottom of the coating,
which means the vertical crackis hard to propagate at the fine grain
area.

After thermal exposure at 1473 K for 48 h and up to 100 h,
an apparently vertical crack still exists at the cross-section of the
coating (Fig. 3(b) and (c)). The statistical results of the grain size dis-
tribution were plotted in Fig. 3(g-i). Multi-grain sizes in the range of
0.5 pwm-3.5 wm were found in the as-sprayed coating and the grain

size distributions were slightly decreased after thermal exposure
at 1473 K for 48 h and up to 100 h.

Coupled grain-boundary diffusion and surface diffusion of
grain-boundary migration are recognized as the mechanism for
densification during thermal exposure [24,25]. The driving force
is described as [26],

AG = AGs + AG; = ysdAs + y;dA;
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of the CMAS impinges on the surface of the coating (L), (m) ; the schematic diagram of the molten CMAS contacting on the top micro-nano protuberances of the coating (n).

where AG, AGs, and AG; are the changes of the total free energy,
surface energy, and the interface energy, ys and y; are the sur-
face and interface tension, and As and A; are the specific surface
and interfacial areas, respectively. The sintering potential and the
densification rate all depend on the pore size and the time.

Therefore, without external pressure in the thermal exposure,
the internal pores and voids at the bottom of the coating cannot
be vented and were impeded the migration of the grain bound-
aries. At the same time, the grain boundaries prefer to migrate at
the dense layer of the coating during long time high temperature
exposure.

CMAS corrosion on the top surface of the coating were studied
through three different experiments in Fig. 4. In-situ observations
(Fig. 4(a)) of CMAS droplet spreading on the top surface of the coat-
ing at 1523 K were listed from Fig. 4(d-g). When the CMAS bulk
materials with a diameter of 2 mm melting on the surface of the
coating, the finally contact angle is about 40°and the molten CMAS
(viscosity of 36.7 Pa s at 1266°C [30]) cannot spread completely on
the surface of the YSZ coating. The CMAS loading of about 50 mg
cm~2 was put uniformly on the surface of the coating and then put
in the muffle furnace at 1523 K for 24 h to investigate the corro-
sion behavior on the coating (Fig. 4(b)). The results were shown
in Fig. 4(h) and (i), the CMAS were deposited on the multi-islands

protrusions from the observation on the top surface. The thickness
of the corroded layer with more pores is about 20—25 pwm at the
polished cross-section of the coating, which is less than other result
of 100—150 pm corroded layer of YSZ coating at the same condi-
tions [31,32]. The top multi-islands protrusion with a mean surface
roughness (R,) of 33.8 wm effectively hindered the spreading and
penetrating of the CMAS.

Furthermore, in order to simulate the actually molten CMAS
powders (from sand, debris, fly ash, and volcanic ash) impinging
on the thermal barrier coating of the gas engine, we injected the
CMAS powders (diameter of 5-50 wm) on the top surface of the
YSZ coating by using a conventional APS method (GP-80, Jiujiang,
China, 39 kW, Argon of 45 SLPM, spray distance of 100 mm) in
Fig. 4(c). The morphology of single droplet impinging on the coat-
ing was shown in Fig. 4(L) and (m). An air barrier with layers of the
pores was formed when the droplet of CMAS impinged on the top
surface of the coating (Fig. 4(n)). The micro-sized island protrusions
with nano-sized villous structures on the top surface of the coating
were further hindered the flattening of the CMAS droplet. When a
mass of CMAS crystalline ashes impinge on the YSZ coating of the
gas engine, its molten droplets may wet on the top or on the inter-
space of multi-islands protrusions and form layers of multi-pores
at the interface in the beginning. Then, CMAS will dissolve with the
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YSZ materials and penetrate further by overcoming the internal air
barrier of layers of the pores.

4. Conclusions

To summarize, the hybrid structure YSZ coating with ver-
tical cracks at the cross-section and multi-islands protrusions
at the top surface is directly deposited by using a long lami-
nar plasma spray technology without any auxiliary heating of
the substrate. The density of vertical cracks of the coating at
the cross-section is 4 or 5 per millimeter. The surface rough-
ness of R, on the top surface of the coating is in the range
of 29.85-37.73 wm. The vertical cracks in the coating cannot be
sintered to a dense layer during thermal exposure at 1473 K up to
100 h. The vertical crack is hard to propagate at the fine grain area
of the coating. The micro-sized island protrusions with nano-sized
villous structures were hindered the spreading and penetrating of
molten CMAS ashes corrosion on the top surface of the coating.
The thickness of the corroded layer with more pores by CMAS is
about 20—-25 wm at 1523 K for 24 h. This novel hybrid structure YSZ
coating may provide a new selection for various working environ-
ments of higher-temperature thermal barrier coatings of aircraft
propulsion or land-based electricity generation and this deposi-
tion process significantly improved the working environment of
workers.
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