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High-Power Hybrid Plasma Spraying
of Large Yttria-Stabilized Zirconia Powder
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To testify to the advantage of large ceramic powder spraying, numerical simulations and experimental stud-
ies on the behavior of large yttria-stabilized zirconia (YSZ) powder in a high-power hybrid plasma spraying
process have been carried out. Numeric predictions and experimental results showed that, with the high
radio frequency (RF) input power of 100 kW, the most refractory YSZ powder with particle sizes as large as
88 pm could be fully melted and well-flattened splats could be formed. A large degree of flattening (&) of 4.7
has been achieved. The improved adhesive strength between the large splat and the substrate was confirmed
based on the measurement of the crack density inside of the splats. A thick YSZ coating >300 pm was
successfully deposited on a large CoNiCrAlY-coated Inconel substrate (50 x 50 x 4 mm in size). The ultra-
dense microstructure without clear boundaries between the splats and the clean and crack-free interface
between the top-coat and the bond-coat also indicate the good adhesion. These results showed that high-
power hybrid plasma spraying of large ceramic powder is a very promising process for deposition of high-
quality coatings, especially in the application of thermal barrier coatings (TBCs).

Keywords crack density, flattening degree, hybrid plasma, large Nomenclature
powder spraying, single-splat deformation, thermal
barrier coatings, thermal plasma spray C  constant
d initial droplet diameter
D, initial particle diameter
1. Introduction D,  diameter of the substrate holder
D, diameter of the plasma flame
Versatility and cost-efficiency have made thermal spraying F,  powder feeding rate
. . . n substrate rotation speed
an attractive coating technique that allows many problems of R radial position
wear, cprrosion, and thermal degradat.ion tq be resolved by en- R, arithmetical mean roughness
gineering the component surface with tailor-made coatings Re  Reynolds number
(Ref'1). Above all, state-of-the-art atmospheric plasma sprayed R,  thermal resistance between the droplet and the substrate
(APS) thermal barrier coatings (TBCs) have been widely ap- t constant
plied to improve the working efficiency of gas turbines and die- T, droplet temperature
sel engines or to prolong their lifetimes (Ref 2, 3). However, T,  estimated substrate temperature
there is still much to be done to attain better coating quality to u  axial velocity of the droplet
meet the requirements of long-term stability under more severe Va  droplet velocity
Z  axial position

environments. For example, conventional TBCs deposited by
APS are highly defective, containing various kinds of pores and Greek Symbols
cracks. These defects clearly contribute to the decrease of the

thermal conductivity and also cause crack initiation, decrease 6 contact angle between the droplet and the substrate
. . £ flattening degree of a droplet
the coating toughness, and eventually promote failure. To make . .
.. . A percentage of the substrate covered in one turn of rotation
matters worse, such defects originate naturally in the conven- n  viscosity
tional AP’S process gnd make it difficult Fo control the structure s sphericity of the particle
by changing the limited parameters relating the process (Ref 4, .
5). The most successive approach to improve the strain tolerance Abbreviations
of the APS TBCs is c0n51defe.d to be the so-called “dense verti- APS atmospheric plasma spray
cally cracked (DVC) TBC” invented by Taylor (Ref 6). The DC plasma  direct current plasma
DVC TBC has a density at least 88% of the theoretical, wherein DVC dense vertically cracked
a plurality of vertical cracks are produced. The denser micro- FE-SEM field emission scanning electron microscope
structure with the dominant vertical crack network system ap- FIB-SEM focused ion beam scanning electron microscope
pears to benefit the erosion resistance and the strain tolerance HVOF high-velocity oxy fuel
RF plasma  radiofrequency plasma
Heji Huang, Keisuke Eguchi, and Toyonobu Yoshida, Department of TBCs thermal barrier coatings
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Sheath Particle and thus offers optimization of processing economics, appropri-

gas injection ateness, and performance (Ref 7-9). To further increase thermal
fatigue resistance, however, it is essential to increase the adhe-
sive strength at the splat/substrate as well as the splat/splat in-
terfaces by minimizing the extent of the horizontal cracks. In this
respect, large-size powder spraying is worthy of investigation;
as suggested by Yoshida et al. (Ref 10, 11), spraying of large-
size powders might make it possible to deposit more dense and
more adhesive coatings compared with the conventional spray-
ing of small powders due to the higher substrate temperature
under larger splat, which may also promote diffusive adhesion.
Actually, the adhesive strength between a Ti splat and a stainless
substrate was reported to be improved from 40 to 200 MPa when
the particle size of the feedstock Ti powder was increased from
30 to 120 um (Ref 11). Unfortunately, only a few papers have
reported such larger powder size effects on the coating struc-
tures and properties in the case of ceramics. The main reason is
considered to be the fact that the larger ceramics powders, espe-
cially YSZ, cannot be fully melted by conventional plasma
spraying systems. Specifically, the current level of the plasma
spraying equipment is not yet sufficient to respond to such de-
RF coils mands.

Regarding the plasma spraying techniques, the most impor-
tant issue lies on how to control the various distributions in the
process. For a direct current (DC) plasma system, an intrinsic
variation of the plasma intensity always exists due to the arc

| discharge characteristics, and the fluctuation period is almost the
\_ same as the time required for injected particles to be heated and
melted (Ref 12), which makes it almost impossible to achieve
homogeneous particle heating in a DC plasma. In addition, ex-
istence of electrodes also prevents the axial feeding of powder
Fig.1 Torch geometry and mesh used for the hybrid plasma calculations and leads to drastically distributed powder trajectories. For a
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Table 1 Initial conditions and physical properties used in this research

Simulations Experiments
Hybrid plasma Particle thermal history Droplet deformation  Single splat  Thick coating
Initial powder (droplet) size d, um 63,71,79, 88 30, 63, 88 63-88 63-88
Sphericity: 1, 0.8, 0.9
Initial powder (droplet) injection Axial velocity U,,: 10 10, 30, 50, 70
velocity, m/s Radial velocity V,: +1.25, +2.5, +3.75
Droplet temperature 7, K 3000, 4573
Powder feeding rate /7, g/min 10 4 10
Carrier gas flow rate £, slm 4 4
DC plasma power, kW 7 7 7
Efficiency: 40%
RF plasma power, kW 100, 60 100 100
Efficiency: 60%
DC plasma gas flow rate F, slm Ar: 10 Ar: 10 Ar: 10
Sheath gas flow rate F, slm Ar: 170 Ar: 170 Ar: 170
H,: 30 H,: 30 H,: 30
Chamber pressure P, Pa 4x107* 4%107% 4x107%
Deposition distance L, mm 120 120
Substrate material Stainless steel Stainless steel CoNiCrAlY-
coated Inconel
Substrate rotation speed z, rpm 50 50
Estimated substrate surface temperature 800 723, 823, 823-923
T... K 923, 1123
Deposition time 10s 10 min
Thermal contact resistance between 1x10°
droplet and substrate R, W/m?*-K
Contact angle between droplet and 45
substrate 0, degrees
Surface tension of zirconia, J/m> 0.43
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radiofrequency (RF) plasma system, the most notable feature is
that the plasma volume is fairly large with diameter on the order
of tens of millimeters, and the powder can be fed in the axial
direction to narrow the distribution of particle trajectory and
thermal history. The spraying yield of the RF system is as high as
80%. However, the velocity of the RF plasma is somewhat
too low and resolidification of the droplets occurs occasionally.
In recent years, development of other spraying tech-
niques, such as the high-velocity oxy fuel (HVOF) system, the
D-gun, and the hybrid plasma system, has enabled further
control of the distributions in plasma spraying process. For ex-
ample, compared with the conventional DC and RF plasma, the
hybrid plasma is considered to be more feasible for thermal
plasma spraying due to its large plasma volume, proper plasma
velocity, high uniformity, and stability (Ref 13). In this research,
therefore, we have developed a 150-kW hybrid plasma spraying
system and tried to characterize large YSZ powder plasma
spraying on the basis of numerical simulations and experimental
studies.

2. Theoretical

2.1 General

A comprehensive thermal plasma spraying process, includ-
ing hybrid plasma generation, powder heating, and splat forma-
tion, was simulated in this research. For the first two processes,
a commercial code from Simulent Inc. (Ref 14) was used. In the
case of splat formation, the code described in Ref 10 was used.
The flow field of the plasma jet was first calculated based on a
time-dependent governing model. The particle thermal history
in such a plasma flame was then calculated. Because the pres-
ence of particles in the thermal plasma affects the plasma flow
field by changing the thermodynamic and transport properties or
by changing the mass, momentum and energy transport, cou-
pling between the free plasma jet calculations and the particle
thermal history calculations were repeated until convergence
was attained. The ranges of the temperatures and velocities of
the calculated droplets were then used as the initial conditions in
the simulation of droplet deformation and solidification by solv-
ing the full Navier-Stokes and energy equations coupled with the
volume of fluid (VOF) approach (Ref 10).

2.2 Torch Geometry and Simulation Details

Both simulations and experiments were conducted based on a
novel 150-kW hybrid plasma spraying system. System specifi-
cations and details of the hybrid plasma torch have been de-
scribed elsewhere (Ref 15). Figure 1 shows the torch geometry
and the grid used in this analysis. The mesh size was chosen to be
small enough to represent the gradients of pressure, velocity, and
temperature that exist in the flow field.

The operating conditions and assumptions for the numerical
simulations are summarized in Table 1. The efficiencies of the
DC and the RF power units were assumed to be 40 and 60%,
respectively. Zirconia powders with four initial sizes (D) of 63,
71,79, and 88 um and three different sphericities ({s) 0f 0.8, 0.9,
and 1.0 were injected into the hybrid plasma from the center of the
torch at the position of (0.001, 0.001). {s is defined as the ratio of the
surface areas of a spherical particle and an actual particle with
the same volume and was taken into the simulation as an amend-
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Table 2 Particle specifications for particle thermal
history simulation

Index Initial Axial velocity,  Radial velocity,

number  size, pm m/s m/s Sphericity
1 63 10 +1.25 1

2 63 10 +1.25 0.8
3 63 10 +1.25 0.9
4 63 10 +2.5 1

5 63 10 +2.5 0.8
6 63 10 +2.5 0.9
7 63 10 +3.75 1

8 63 10 +3.75 0.8
9 63 10 +3.75 0.9
10 71 10 +1.25 1
11 71 10 +1.25 0.8
12 71 10 +1.25 0.9
13 71 10 +2.5 1
14 71 10 +2.5 0.8
15 71 10 +2.5 0.9
16 71 10 +3.75 1
17 71 10 +3.75 0.8
18 71 10 +3.75 0.9
19 79 10 +1.25 1
20 79 10 +1.25 0.8
21 79 10 +1.25 0.9
22 79 10 +2.5 1
23 79 10 +2.5 0.8
24 79 10 +2.5 0.9
25 79 10 +3.75 1
26 79 10 +3.75 0.8
27 79 10 +3.75 0.9
28 88 10 +1.25 1
29 88 10 +1.25 0.8
30 88 10 +1.25 0.9
31 88 10 +2.5 1
32 88 10 +2.5 0.8
33 88 10 +2.5 0.9
34 88 10 +3.75 1
35 88 10 +3.75 0.8
36 88 10 +3.75 0.9

ment for the calculations of the heat transfer coefficient and the
viscous drag coefficient (Ref 16). The axial velocities of these
injected particles were set to 10 m/s with three different radial
velocities of —1.25, —2.5, and —3.75 m/s, which correspond to
three injection angles of —7°, —14°, and —20°. Table 2 itemizes
the specifications of the particles used in the simulation of par-
ticle thermal history. In the present model, the temperature of the
droplet was assumed to be constant and uniform during the melt-
ing and evaporating processes. In other words, when the tem-
perature of the particle/droplet exceeds the melting point, it sug-
gested that the particle had been completely melted. Initial
conditions for the simulation of droplet deformation are also
listed in Table 1. The surface tension of 0.43 J/m? of zirconia
was used (Ref 17). The viscosity () of zirconia was calculated
using Eq 1 (Ref 18) as a function of temperature, and the thermal
contact resistance between the droplet and the substrate (R,) was
assumed to be 1 x 107> W/m? K (Ref 18). The contact angle
between the droplet and the substrate (6) was assumed to be 45°.

2.3 Results and Discussion

2.3.1 Flow Field without Powder Injection. Figure 2
shows the temperature and axial velocity contours of the hybrid
plasma flames with RF input powers of 60 kW (Fig. 2a) and

Journal of Thermal Spray Technology



@
3
(=]

0.15

3 =
g &
Temperature (K)

0
(@ R

urd
(4.
3
(=]

10000

£
2
2
g
&
£
@
[t

2
8

(b)

0.15

R

Fig.2 Temperature and axial velocity contours of the hybrid plasmas without powder injection at RF input power of (a) 60 kW and (b) 100 kW. The

three bold lines depict the slices at the three coil positions.
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Fig. 3 Thermal histories of particles injected into a 60-kW hybrid
plasma without considering the loading effect
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100 kW (Fig. 2b). The large plasma volume, whose tempera-
ture is higher than 5000 K, and the center high-temperature
and high-velocity zone caused by the DC plasma jet are charac-
teristics of the hybrid plasmas (Ref 13). With higher input
power, the plasma volume expands, which can be confirmed
by the broadened higher temperature zone both at the coil region
and at the torch exit, and thereby a slightly faster plasma flow is
observed. The axial velocity of the plasma at the symmetry
drops rapidly from 250 to 200 m/s when it reaches the coil re-
gion, where Z = 32 mm. At RF input power of 60 kW, this
velocity continues to decrease slowly and monotonically to
138 m/s at the torch exit. At RF input power of 100 kW, this
velocity reaches its first minimum value of 156 m/s; it then in-
creases slightly and begins to decrease slowly and mono-
tonically to 149 m/s at the torch exit. The negative value of the
axial velocity between Z =20 and 40 mm suggests the existence
of a recirculation.

2.3.2 Particle Thermal History. Figure 3 shows the tem-
perature histories of the particles injected into the 60-kW hybrid
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Fig.4 Plasma temperature contours and particle thermal histories after 8 times coupling calculations with RF input power of (a) 60 kW and (b) 100 kW

plasma simulated in Fig. 2(a) without considering the loading
effect. All of the particles are completely melted at the very be-
ginning of the torch, where Z is only 15 mm, and the tempera-
tures of all the droplets reach the boiling point of 4573 K in a
very short time. Considering the drastic temperature difference
between the particle and the environmental plasma, the injection
of particles will certainly cause the plasma temperature to drop,
particularly at the beginning of the torch where the particles are
cold. In such cases, the loading effect should not be ignored.
Figure 4 illustrates the temperatures of the hybrid plasma and the
corresponding particles/droplets after eight iterations of cou-
pling calculations at which convergence was attained. A signifi-
cant temperature drop at the center zone of the plasma can be
seen clearly. Compared with those in Fig. 3, the temperatures of
the injected particles increase much more slowly when the load-
ing effect is taken into account. Slices at both the coil center (Z=
60 mm) and the torch exit (Z= 150 mm) were extracted from the
data to show the temperature (7,) and axial velocity (u) distri-
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butions of the particles/droplets in these regions (Fig. 5). At RF
input power of 60 kW, particles with index numbers of 20, 21,
29, 30, and 32 cannot be completely melted as their temperatures
remain at or even below the melting point of 2973 K. Referring
to Table 2, it is seen that such particles are mainly those with
larger sizes and poorer sphericities that travel through the low-
temperature zone of the plasma near the center. In the present
model, the heat-transfer coefficient and the drag coefficient of
the unmelted particle are correlated by the sphericity (Ref 16).
Although better heating can be expected, the residence time of a
particle with poorer sphericity is shorter due to the greater drag
force, and thus leads to deficient melting. As can be seen in Fig.
5, the particles with initial poorer sphericities were accelerated
more and thereby possessed higher velocities in the plasma. On
the other hand, those particles that were completely melted were
generally smaller in size with better sphericities and traveled
through the high-temperature zone of the coil region. At 100
kW, all the particles injected were completely melted. Figure 6

Journal of Thermal Spray Technology
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Fig. 5 Temperature and axial velocity distributions of the particles/droplets at the coil center (Z = 0.06 m) and at the torch exit (Z = 0.15 m) in the
hybrid plasma with RF input power of (a) 60 kW and (b) 100 kW. The index numbers of the less-heated particles are marked.

shows the size distribution of the initial particles and the melted
droplets at the exit of the torch. At a higher RF input power of
100 kW, more evaporation occurs, leading to smaller droplet
size. Figure 7 summarizes the dependence of the temperature
(T, and velocity (V) distributions of the droplets on their final
sizes (d) at the torch exit. In Fig. 7(a), although all the particles
injected into 100-kW hybrid plasma have been completely
melted, there is a larger scattering of 7 at larger droplet sizes
compared with all the small droplets below 50 um having tem-
peratures of 4573 K. However, this trend cannot be observed for
the velocity distribution in Fig. 7(b). The initial smaller particles
can be accelerated more rapidly than larger particles and therefore
travel for a shorter time in the plasma, which leads to less evapora-
tion and makes them similar in size at the torch exit with those
larger particles that are slower and more intensively evaporated.

2.3.3 Single-Splat Deformation. In the present simula-
tion, the droplet sizes (d), temperatures (7,), and velocities (V)
before impact were assumed to be in the same ranges as those at
the torch exit obtained in the last section. Using these initial con-
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ditions, the flattening degrees (&) of the droplets were calculated,
as shown in Fig. 8. Larger droplet size, higher temperature, and
higher velocity result in the increased £. The data are shown as a
2-D plot in Fig. 9(a). In this study, the minimum flattening de-
gree of a droplet was evaluated. When an extremely small and
static droplet contacts a perfectly smooth substrate, the flatten-
ing of the droplet is considered to be dominated only by the wet-
tability. In this case, the gravity of the extremely small droplet
can be omitted compared with the force of surface tension, and
the shape of the splat is considered to be a spherical cap. By
identifying the volume of the initial droplet and the deformed
spherical cap, Eq 2 was derived to describe such a minimum
flattening degree at this extreme condition. In this simulation,
because the contact angle (6) was assumed to be 45°, the mini-
mum flattening degree was then calculated to be 1.8, as marked
by the circle in Fig. 9. The calculated & increases from 2.0 to 4.7
when the deformation occurs from a 30 pm, 3000 K, 10 m/s
droplet to an 88 um, 4573 K, 70 m/s droplet. The data was fitted
using the empirical equation as £ = CRe’ (Ref 19, 20), where Re
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Fig. 6 Size distributions of the initial particles and the melted droplets at the torch exit
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Fig. 7 (a) Temperature and (b) velocity distributions of the droplets with different sizes at the torch exit

is the Reynolds number and C and ¢ are constants. Note that, in
the empirical equation, the influence of surface tension was ne-
glected and the liquid droplet was assumed to be completely flat-
tened before solidification occurs, which is not the case in the
present simulation. However, the fitted lines seem to be in rea-
sonable agreement with the trends, with C = 0.76 + 0.09 and
t=0.24 +£0.02, as shown in Fig. 9(b). Even the proposed mini-
mum flattening degree is not so aberrant.

2.4 Summary

Numerical simulations relating plasma generation, powder
heating, and splat formation showed that:

e The hybrid plasma is characterized by the superposition of
the temperature and velocity field of a DC arc jet and RF
plasma. At a constant gas-flow condition, the temperature
and velocity patterns of the hybrid plasma are affected by
the input power.

e Zirconia particles as large as 63-88 um can be fully melted
with 100-kW RF power input, and the velocity of the melted

78—Volume 15(1) March 2006

droplets at the torch exit is in the range of 30-80 m/s. How-
ever, even in the hybrid plasma, a relatively wide distribu-
tion of the particle thermal history still exists, which can be
narrowed by the elevated power input.

*  Once the large powder has been fully melted, it can form
better flattened splats than the small powder does, and the
flattening degree is as large as 4.7.

These predictions were validated by the following experi-
mental work.

3. Experimental Procedures

3.1 General

The objective of the present experiments is to investigate the
actual behavior of the large YSZ powders in the high-power hy-
brid plasma spraying process. Using the same initial conditions
as those in the numerical simulations, experiments of single-
splat deformation and thick coating deposition were conducted.

Journal of Thermal Spray Technology
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Fig. 8 Variation of flattening degree with droplet size and impinging
velocity at temperatures of (a) 3000 K and (b) 4573 K

3.2 Experimental Details

The experimental parameters are listed in Table 1. In single-
splat deformation experiments, the powder was injected into the
torch after the prescribed temperature of the substrate was
achieved. The feeding rate was lowered to 2 g/min and the de-
position time was limited to less than 20 s to avoid overlapping
of splats. As in the present experiments, because a rotary sub-
strate holder was used (Ref 15), the percentage of the substrate
covered in one turn of rotation (A) can be simplified in Eq 3,
assuming that all the droplets disperse homogeneously in the
hybrid plasma and adhere to the substrate after impact.

6100
7 =0.0037 exp wa (Eq 1)
E=sin 0 : (Eq2)
=sin
cos’0—3cosO+2 q
__OhE
T (Eq3)
™ p~h P

where F), stands for the powder feeding rate, D, the diameter of
the plasma flame, D, the diameter of the substrate holder, and n
the substrate rotation speed. A is about 5% under the present
experimental conditions, which means that 20 turns (24 s for the
rotation speed of 50 rpm) are needed for the splats to cover the
whole substrate surface. Polished stainless-steel substrates (R, =
1.2 pm) of 5 x 5 x 4 mm in size were used for single-splat de-
formation experiments, and the thick YSZ coating was depos-
ited on CoNiCrAlY-coated Inconel substrates. The backside
temperature of the substrate was monitored using a thermo-
couple. Considering the heat flux and the thermal conductivity
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Fig. 9 Dependence of the simulated flattening degrees of the droplets
on (a) the droplet size and (b) Reynolds number

of the substrate, the estimated temperature gradient in the sub-
strate was around 60 K/mm; thus the temperature difference be-
tween the surface and the backside of the substrate is about 250
K for the 4 mm thick substrates. In this research, therefore, the
estimated substrate temperature (7.,) was used, which was 250
K higher than the measured backside temperature.

A laser microscope (Keyence-VK8510, Japan) was used to
observe the morphologies and to measure the height profiles of
the splats. The crack density of a splat was evaluated by mea-
suring the number of cracks along twenty 100 pm-long lines
taken randomly. Cross-sectional microstructures of the splats
and the deposited coating were observed using a focused ion
beam scanning electron microscope (FIB-SEM, Micrion-2100,
USA) and a field emission scanning electron microscope
(FE-SEM, JEOL-F6340, Japan).

3.3 Results and Discussion

3.3.1 Single-Splat Deformation. Figure 10 shows splat
morphologies at different estimated substrate temperatures
(T.y). The droplet impinging onto a substrate with 7, = 823 K
shows the most spherical morphology with a smooth surface. At
a higher preheating substrate temperature (7., = 1123 K), large
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Fig. 10  Single-splat morphologies with different estimated substrate temperatures, 7: (a) 723 K; (b) 823 K; (c) 923 K; (d) 1123 K

splats exhibit undulating surface morphology with cracks at the
crests, as shown in Fig. 10(d). FIB observation was conducted
near one of the crests (Fig. 11), revealing that a vertical crack
was not associated with an interfacial crack between the splat
and the substrate. A thin layer with smaller grains between the
splat and the substrate was observed, and the originally smooth
substrate rumples along with the shape of the splat. These facts
are thought to be the result of substrate melting. Figure 11 also
shows that some melted parts even filled into the vertical crack.
Figure 12 depicts the variation of the crack density of the splats
impinging on substrates with different 7., When 7, = 823 K,
the crack density of the splats increases from 3 to 9 until the splat
diameter reaches around 250-300 pm, and then decreases
slightly to 7 when the splat diameter becomes even larger. At
T.,=923 K, the crack density is much lower: it decreases mono-
tonically from ~3.5 to 2.2 when the splat diameter changes from
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150 to 350 um. These crack density variations reflect the stress
evolutions in the splat deformation process. Two factors that
cause a tensile stress inside a splat: (a) the splat cools down from
a much higher temperature than the substrate does, hence the
splat contracts more than the substrate although its thermal ex-
pansion coefficient is smaller, and (b) due to the surface tension,
the splat tries to rebound to its center after it spreads to its maxi-
mum diameter on the substrate. However, these processes are
restricted by the adhesion at the splat/substrate interface. As
mentioned above, adhesion is better when the droplet size is
larger. Therefore, stronger tensile stress is expected in larger
splats, which would lead to higher crack density. On the other
hand, because the substrate temperature underneath the larger
splats is higher, when substrate melting occurs, it somehow re-
leases the tensile stress and thus causes a lower crack density.
The convex trend of the crack density with splat size change
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Fig. 11  Cross-sectional FIB micrograph of an undulant splat showing
that substrate melting occurred with 7., = 1123 K
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Fig. 12 Crack densities of the splats with 7, =823 K and 7, =923 K

indicates that when 7, = 823 K, only the substrate under larger
splats has been slightly melted. In contrast, when 7, = 923 K,
substrate melting occurs even under small splats, which leads to
lower crack density than that at 7., = 823 K, and also results in
the inverse crack density dependence on splat sizes. As 7., =823
K seems to be a critical temperature for the substrate melting, it
is natural to consider that the melting condition depends on the
positions at the interface between the splat and the substrate,
which leads to localized crack density and shows a much wider
distribution, especially for the mid-sized splats. In Fig. 12, a
smaller average splat size can be seen as 7, increases, which
also suggests that, at higher substrate temperatures, the splat
contracts more than that at lower substrate temperatures. On the
basis of these points, large splats deposited on a substrate with a
temperature of 823 K are thought to be the best choice, due to
their high adhesion strength, good surface morphology, proper
crack density, and relative low tensile stress.

Figure 13 shows the measured flattening degrees at 7., = 723
K. The variations of flattening degrees at higher 7 are omitted

Journal of Thermal Spray Technology

5.0

45 - g ~ .....

4.0 e

3.5+ 4

3.0

2.5

20

Flattening degree

1.0 . : . ' . . v T .
0 30 60 90 120 150

Droplet diameter (um)

Fig.13 Dependence of the flattening degree on the droplet diameter at
T.,=723K

because the undulating surface morphology causes large errors
in splat volume measurements. When Fig. 13 is compared to
Fig. 9(a), very good agreement between the experimental and
simulation results is obtained. In Fig. 13, the flattening degrees
of the smaller droplets are in the upper region of the simulation
results in Fig. 9(a), indicating that the smaller droplets in the
experimental work have higher initial temperatures and veloci-
ties. This conclusion can also be confirmed in Fig. 7, which
shows higher temperatures of smaller droplets.

3.3.2 YSZ Coating Deposition. Figure 14(a) shows the
cross section of a 300 um thick YSZ coating sprayed by a 100-
kW hybrid plasma using the large powders of size 63-88 um.
The preheating temperature was 823 K, and the temperature of
substrate increases to 1100 K with time in the deposition pro-
cess. The clean and crack-free interface indicates good adhesive
strength between the YSZ top-coat and the CoNiCrAlY bond-
coat (Fig. 14b). This suggests that the first layer of the coating is
well deposited. Although the subsequent layers of the coating
are deposited at a higher temperature (due to the low thermal
conductivity of YSZ), they still show ultradense microstructure
without clear boundaries between the splats because the droplets
impinged onto the previous zirconia coating instead of the metal
substrate, which may involve different deformation behaviors.
Vertical cracks can also be observed in Fig. 14(b). Further re-
search is needed to better understand the formation of the thick
coating.

4. Conclusions

Numerical studies on the thermal history of large YSZ par-
ticles in high-power hybrid plasma and their deformation behav-
iors were performed to gain a better understanding of the basic
phenomena involved in the hybrid plasma spraying and the par-
ticle-droplet-splat process. By using the high-power hybrid
plasma, large YSZ powders can be completely melted and well
flattened. They have stronger adhesion strength on the substrate
and are promising for forming high-quality coatings. The results
of single-splat deformation experiments and thick coating depo-
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Fig. 14 Cross sections of large-particle plasma sprayed thick YSZ
TBCs at (a) lower magnification and (b) higher magnification, showing
dense microstructure and clean interfaces

sitions agree well with these predictions, which suggests that the
viscosity of zirconia and the thermal contact resistance assumed
in the simulations were reasonable under the present experimen-
tal conditions.
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