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Effect of Substrate Concave Pattern on Splat
Formation of Yttria-Stabilized Zirconia
in Atmospheric Plasma Spraying
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Splat morphology of yttria-stabilized zirconia (YSZ) on a microconcave-patterned substrate was
investigated by both numerical and experimental approaches under a dc-rf hybrid-plasma spray
condition. The spreading behavior of molten droplets on a microdimple pattern was numerically simu-
lated in a three-dimensional form. For comparison, impact of a YSZ droplet onto a microdimple pattern
of a quartz glass substrate was studied in situ utilizing thermal emissions from the droplet. Concave
aspects of a substrate surface play an important role in fingering/splashing of a spreading droplet as well
as convex patterns. The main mechanism that causes splashing is likely due to the slipping of a spreading
droplet at the edge of concave patterns. The viscosity decrease of the spreading droplet enhances the

droplet splash.

Keywords coatings for gas turbine components, coating-
substrate interaction, diagnostics and control,
influence of process parameters, roughness
effects, splats cooling, spray deposition

1. Introduction

Surface roughness of the substrate is one of the most
important parameters in determining the microstructure
and properties of plasma-sprayed coatings. Although the
surface roughness increases the adhesion strength of the
coating to the substrate, it may result in the deterioration
of the coating due to the splashing of impinging droplets.
Therefore, it is important to fully understand the effect of
the surface roughness on the single splat and subsequent
coating formations (Ref 1, 2).

In our previous paper (Ref 3), we studied alumina splat
morphology on various micropatterned substrates under
hybrid plasma spray conditions. We showed that the splat
morphology was affected by surface patterns in which the
ratio of the arithmetic surface roughness R, to the droplet
diameter was as small as 0.02. We also found that the
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fingering of alumina splats occurred on both concave- and
convex-patterned substrates, where we define the convex
and concave patterns as follows: the convex pattern is a
plane that has more than one convex object on its surface;
the concave pattern is a plane that has more than one
concave object on its surface. McDonald et al. (Ref 4)
photographed and measured cooling rates of molten
nickel and molybdenum droplets impinging on silicon
wafers textured with columnar objects. They found that
the cooling rate of spreading droplets was related to the
width of inter-columnar spacing. When the spreading
droplet filled inter-columnar spaces, columns acted as fins,
promoting splat cooling (Ref 5). Parizi et al. (Ref 6)
conducted numerical simulations for molten nickel and
yttria-stabilized zirconia (YSZ) droplets impinging on
textured silicon wafers and compared their results with the
experiments of McDonald et al. (Ref 4). They confirmed
that the change in splat shapes on patterned surfaces was
due to the rapid solidification, as predicted by Raessi et al.
(Ref 7). Thus, the effect of convex patterns on splat for-
mation and morphology has been studied relatively well.
However, the effect of concave patterns has not received
much attention and is not well understood.

Understanding the roughness effects including concave
patterns requires the complementary approach by both
numerical simulations and experiment. Although some
excellent numerical simulations had been reported on this
issue (Ref 8, 9), the lack of in situ experimental data made
it difficult to closely link the numerical studies with the
experimental studies. In this regard, the primary work by
Parizi et al. mentioned above (Ref 6) is a milestone study
to fill in the gaps between the numerical simulations and
the experimental works. In other word, the recent devel-
opment in experimental studies enabled us the collabo-
rative research between numerical simulation and
experiment.
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In this paper, we investigate the spreading phenomena
of YSZ droplets on concave-patterned substrates depos-
ited by the dc-rf hybrid plasma spraying. We simulated the
spreading behavior of molten YSZ droplets on dimple-
patterned substrates representing concave patterns using a
three-dimensional numerical model. We also conducted
an in situ measurement of the spreading behavior of YSZ
droplets on a dimple-patterned substrate made by a wet-
etching technique.

2. Numerical Analysis

2.1 Numerical Methods

Three-dimensional numerical simulations were con-
ducted to investigate the splat formation of YSZ droplets
on a dimple-patterned substrate made of quartz glass. The
details of the numerical model were given elsewhere
(Ref 10, 11), and are briefly described here. Assuming
incompressible and Newtonian fluid, the conservation of
mass, momentum, and energy equations were solved for
the droplet by considering phase change (solidification)
(Ref 11). The effect of surrounding gas was neglected. In
addition, the heat transfer inside the substrate and the
solidified layer was also modeled. To solve the energy
equation, the enthalpy transforming model (Ref 12) was
used to convert the energy equation to a single-variable
(enthalpy) equation. The term of undercooling (Ref 13)
was not included in this study.

The dimple-pattern geometry used for simulations is
shown in Fig. 1. Each dimple was 8 pm in diameter and
1 pm in depth. The dimples were arranged as triangular
lattice position; the distance between lattice points was
10 pm. The dimples covered approximately 58% of the
substrate area.

Table 1 summarizes physico-chemical properties used
in the calculation (Ref 14-17). The contact angle of the
YSZ droplet on a quartz glass substrate was assumed to be
90° due to the lack of the data; this is not expected to
influence the results, as it was reported that the contact
angle does not affect the splat spreading when the impact
velocity is larger than 1 m/s (Ref 18). Thermal contact
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Fig. 1 Dimple-pattern geometry used for simulations. Circle
regions are concaves
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resistance of the region where the spreading droplet was in
contact with the substrate was assumed to be zero. This
may increase the solidification effect on spreading at these
regions, but the effect is not significant in the case of YSZ
(Ref 19). Note that this assumption does not mean that the
overall thermal contact resistance is always zero. If a
droplet is spreading without filling dimples, the contact
area decreases, resulting in higher thermal contact
resistance.

Table 2 summarizes the initial conditions used in the
calculations. The diameter, velocity, temperature, and the
Reynolds number Re of the droplet were 57 pm, 43 m/s,
2951 K, and 471, respectively, which were comparable to
experimental data presented later. The substrate temper-
ature was set to 700 K.

2.2 Numerical Results

Figure 2(a) and (b), respectively, show the computer-
generated images of final shapes (50 ps after the impact)
of the splat on the smooth substrate (SOS) and the splat
on the dimple-patterned substrate (SOD). The images of
the SOD (6 ps after the impact) whose droplet impacted
at the same impact conditions, but the kinematic viscosity
was halved, i.e., v=2.6 x 107° m?/s and Re =943, is also
shown in Fig. 2(c). The former two splats (Re =471) were
disk-shaped, even though the rim of the SOD exhibited
perturbations. Meanwhile, the latter SOD (Re=943)
exhibited splashing. In both cases on the dimple-patterns
substrate, splat did not fill dimples completely. The
diameters of the SOS and SOD (Re=471) were 162 and

Table 1 Physico-chemical properties used in this study

Properties Values References
Melting point, T,, K 2950 Ref 14
Fluid density, py, kg/m3 4300 Ref 15
Specific heat of fluid, ¢, J/kg K 713 Ref 14
Thermal conductivity of fluid, ks, W/mK  2.32 Ref 16
Kinematic viscosity of fluid, v, m>/s 52 x 107° Ref 17
Surface tension of fluid, o, N/m 0.43 Ref 15
Latent heat of fusion, Hy, kJ/kg 706 Ref 14
Specific heat of solid, c;, J/kg K 604 Ref 14
Thermal conductivity of solid, ks, W/m K 2.32 Ref 16
Density of substrate, pgup, kg/m3 2000 Ref 16
Specific heat of substrate, cgyp, J/kg K 900 Ref 16
Thermal conductivity 1.8 at 700 K Ref 16

of substrate, kg, W/m K

Table 2 Initial conditions for numerical simulation

Parameters Values
Diameter, d,, pm 57
Velocity, V,, m/s 43
Temperature, T, K 2951
Substrate temperature, Ty, K 700
Contact angle, 6, ° 90
Thermal contact resistance, Ryc, m> K/W) 0
Reynolds number, Re 471
Weber number, We 1054

Journal of Thermal Spray Technology



Fig. 2 Computer-generated images of YSZ splats (a) on a
smooth substrate (the Reynolds number, Re=471; 50 ps after
impact), (b) on a dimple-patterned substrate (Re=471; 50 ps
after impact), (c) on a dimple-patterned substrate (Re=943; 4 us
after impact). One division corresponds to 50 pm

171 pum, respectively; hence, the degrees of flattening, &,
were 2.8 and 3.0, respectively. The average diameter of the
perturbed splat was used here as the diameter of the SOD.

Figure 3 shows the evolutions of the droplet shapes at
the spreading stage. As we can see, when Re =943, the
droplet splashed on the dimple-patterned substrate; how-
ever, on the smooth substrate, we still obtained a disk-
shaped splat, although the rim of the splat was slightly
perturbed. It is interesting that the SOD show perturba-
tions on the rim either when Re =471 or 943, at the initial
stages of impact (t=0.5 ps) as shown at the bottom of
Fig. 3. However, the perturbations at Re=471 did not
result in splashing.

The diameter evolution of droplets shown in Fig. 3, and
the corresponding spread velocity are plotted in Fig. 4.
The spread velocity was calculated at the advancing front
of the spreading droplets from the rate of spreading
obtained from numerical simulations. The velocity was
then averaged at the time intervals shown in Fig. 3. The
fastest and slowest positions were calculated. First, the

Journal of Thermal Spray Technology

é

spreading behaviors of the SOD and SOS at the same
Reynolds number Re=943 are compared. At the begin-
ning of the spread (0 < ¢ < 0.5 ps), there was no distinct
difference seen in the spreading of droplets on the dimple-
patterned and smooth substrates. At this stage, the spread
velocity nearly reached 200 m/s, which is almost five times
higher than the impact speed. At 0.5 < ¢ < 1.0 us, some
regions on the periphery of the droplet on the dimple-
patterned substrate were slowed down rapidly compared
to that on the smooth substrate. Finally, during 1.0 < ¢ <
4.0 ps, advancing fingers of the SOD kept on spreading
with small deceleration, while other parts of the SOD stop
spreading. At Re=471, the spread behavior of the SOD
was similar to that of the SOS as the splat shape indicated.

3. Experiment

3.1 Experimental Methods

An in situ measurement system developed previously
(Ref 17, 20) was used to study the droplet impact on a
dimple-patterned substrate under the dec-rf hybrid plasma
spraying (Ref 21, 22). This system can obtain single splats
on the substrate utilizing orifices and can correlated splat
morphology with the impact condition such as the diam-
eter, velocity, and temperature of the impacting droplet
and the thermal radiation history during the impact one-
to-one. The thermal radiation of the impacting droplet
was measured with photomultiplier tubes filtered by 700/
1000 nm wavelength narrow band pass filters via a con-
denser lens. Note that the angle between the substrate and
the condenser lens was 20°. Droplet overall temperature
during impact was derived from 700/1000 nm wavelengths
by two-color pyrometry, and cooling rates were defined as
the maximum temperature gradient during impingement.

Conventional fused and crushed 8 wt.% YSZ powder
with size ranging from 63 to 88 um (similar to K-90, Showa
Denko K.K., Tokyo, Japan) were deposited via the
8 vol.% H,-Ar hybrid plasma spraying. The spray condi-
tions were the same as those in the previous study
(Ref 20). Two kinds of quartz glass substrates were used: a
smooth (R,=0.04 ym) substrate and a microdimple-
patterned substrate (R,=~0.5 um). Figure 5 shows the
laser-scanning microscope image of the dimple-patterned
substrate, which was made by wet-etching technique.
Details of the manufacturing process are described else-
where (Ref 3). The arrangement of dimple patterns was
the same as the simulation, except that the depth of
dimples was 0.5 um. The substrate temperature in both
cases was kept at approximately 700 K, at which splats
are expected to form a disk shape on a smooth substrate
(Ref 23).

In previous studies (Ref 17, 23), we measured the vol-
ume of a splat and then calculated the initial droplet
diameter assuming that the droplet was initially a solid
sphere. However, since the volume measurement of SODs
might have errors due to dimples, we used it in conjunc-
tion with another measurement technique; that is,
assuming droplets to be gray body, we calculated the
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Fig. 3 Time evolution of computer-generated images of YSZ droplets in the case of (a) on a smooth substrate, with the kinematic
viscosity, v=5.2 x 107® m%s, the Reynolds number Re =943, the Weber number We =1054, (b) on a dimple-patterned substrate, with
v=2.6 x 107 m%/s, Re=943, We=1054, and (c) on a dimple-patterned substrate, with v=5.2 x 107% m%/s, Re=471, We=1054 at time
0 < t < 4.0 ps. The magnified views of lower right part of the droplets at t=0.5 ps are also shown in the bottom
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Fig. 4 Spread diameter d and spread velocity V of impacting
droplets as a function of spread time ¢ for the droplets (a) the
Reynolds number Re =943 on a smooth substrate, (b) Re =943 on
a dimple substrate, and (c) Re=471 on a dimple substrate, cal-
culated from the computer-generated images in Fig. 3. Fast and
slow indicate the calculated positions at which the spreading
velocities are fastest and slowest, respectively (color online)

droplet diameters from thermal emission intensity of the
droplets. The droplet sizes of in-flight particles shown here
were calibrated by comparing with the diameter calcu-
lated from the splat volume as shown in Fig. 6. The
standard deviation was 17% for 78 disk-shaped splats on a
preheated smooth substrate. Although some droplet
diameters contained large error, they were consistent
with each other. Therefore, the calculated diameter from
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Fig. 5 Laser-scanning microscope view of a microdimple-
patterned quartz glass substrate made by wet-etching technique
used for the experiment. Circle regions are the concaves of
0.5 um in depth
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Fig. 6 Comparison of droplet diameters derived from thermal
emissions of in-flight droplets, d., and those derived from the
splat volume, d,

in-flight emission signals were rather reliable and can be
applied to estimate the volume of a splashing SOD, which
is difficult to measure by the laser-scanning microscope.

3.2 Experimental Results

All the SODs had a disturbed and distorted rim and
showed fingering and/or splashing shapes as shown
Fig. 7(a). Compared to alumina splats shown in Fig. 7(b),
which was adapted from our previous paper (Ref 3), YSZ
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Fig. 7 Laser-scanning microscope images of splats deposited on the boundary between dimple pattern and smooth region: (a) YSZ and
(b) alumina. The image of alumina was adopted from Fig. 7 (b2) of the work Shinoda et al. (Ref 3)

splats had a tendency to flatten more and to show fingering
and/or splashing more on the same dimple-patterned
substrates. The degrees of flattening of the YSZ splats
(3-5) were larger than those of alumina splats (2.5-3.5),
even though the impact velocities of the YSZ droplets
(30-70 m/s) in this study were lower than those of alumina
droplets (~90 m/s) (Ref 3). This is probably due to the
lower viscosity of YSZ compared to alumina as was
reported (Ref 17). The rim of the splat on the region of the
dimple pattern was less rounded and flatter than that on
the smooth region. Dimples that located under the middle
to peripheral region of the splat were not fully filled by
the splat, which was similar to the case of alumina splats
(Ref 3), suggesting that the droplet spread over the
dimple-pattern substrate without filling these dimples at
least in the later stage of spreading. This might be because
the contact pressure of a spreading droplet is lower in the
middle to peripheral regions than in the center region
(Ref 5, 24, 25), resulting in the dimples being not filled.
The dimples locating at the center region of the splat were
filled by the splat.

To understand the differences in morphology of the
SOS and the SOD, we compare them in more detail.
Figure 8(a) shows another example of the SOD. The
droplet forming this splat was 57 um in diameter and
impacted at the speed of 43 m/s and the temperature of
2787 K. For comparison, the SOS that was formed by a
droplet almost identical to the one impacting on the
dimple was shown in Fig. 8(b). The diameter, velocity, and
temperature of this droplet were 58 pm, 43 m/s, and
2779 K, respectively. The average diameter D,,, of the
central adhered region of the SOD is 189 pum; hence, the
degree of flattening for this region is 3.3. The value of D,
is calculated from the area of splat, S, utilizing
D,y = \/4S/n. Meanwhile, the diameter of the SOS was
183 pum; hence, the degree of flattening was 3.1. As we see
in Fig. 7, here the SOD also flattened more than the SOS.

To study the spreading behavior, the intensity histories
of thermal emissions of the SOS and the SOD were
compared. Figure 9(a) shows the output voltages of a
photomultiplier detecting 700-nm-wavelength thermal
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Fig. 8 Laser-scanning microscope views of splats: (a) on
dimple-pattern substrate and (b) on smooth substrate. Scale bar
in (a) is also valid for (b). The maximum extent of the droplet
spread is considered to be between two circles indicated by the
solid and dashed lines

emissions of the SOS and the SOD as a function of time.
The intensity of detected signals begin to increase
approximately 15 ps before droplet impact, indicating that
the in-flight droplet has entered the field of view of the
condenser lenses used for monitoring the droplet impact.
At this time, the droplet is approximately 650 pm above
the substrate. The intensity difference in the in-flight
region might be due to the difference in reflectivity of
substrate surfaces. Assuming that the intensity at =0, I,
corresponds to the initial droplet size, the intensity history
can be normalized by I, as shown in Fig. 9(b). Following
impact, the intensity increases as the droplet spreads, due
to the increase in the area emitting the thermal radiation.
After reaching its maximum, I, the intensity begins to
decay due to the cooling of splat and/or splashing.
Assuming that the intensity becomes maximum when
the droplet reaches its maximum spread diameter D, the
spread time and & can be determined, although in some
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Fig. 9 (a) Comparison of an intensity history I during droplet
impact on a dimple pattern with that of a disk-shaped splat on a
smooth substrate obtained by a photomultiplier at the wave-
length of 700 nm. Time #=0 indicates when the droplet impinged
on the substrate. (b) Normalized intensity /* normalized by the
intensity at time =0 (color online)

cases this may not hold as discussed elsewhere (Ref 26).
Based on this assumption, the spreading time of the splat,
fs, on smooth and patterned substrates are 3.8 and 4.0 ps,
respectively. Considering the angle of condenser lens
through Dy, /dy = \/Im /1y sin 20°, the maximum degree of
flattening, &,,, of the splat on smooth and patterned sub-
strates are calculated as 3.3 and 5.3, respectively.

For the splat on a smooth substrate, the values of &
measured from thermal emission and by a laser-scanning
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microscope agreed very well, as McDonald et al. reported
for the case of molybdenum and amorphous steel splats
(Ref 27). On the dimple-patterned substrate, however, the
& measured from the thermal emission was much greater
than that from the microscope. In Fig. 8(a), the maximum
spread area of the droplet is shown by the solid-line circle;
this area was calculated using the thermal radiation signal,
assuming that the droplet spreads as a circular thin film.
The dashed-line circle in Fig. 8(a) shows the maximum
spread area calculated from the laser-scanning microscope
measurement, assuming that the error of measured vol-
ume was the maximum. In either case, the difference in §
suggests that the thin liquid film was probably spreading
up to this circle area and then ruptured into fingers.

Next, we present the average contact line velocity, Viy,,
of droplets on different substrates, which was estimated
from the spreading time through V,,,=Dy/t;. On the
smooth and dimple-patterned substrates, the values of
Vave were 51 and 75 m/s, respectively, i.e., on the dimple-
patterned substrate the droplet spread approximately 1.5
times faster than on the smooth substrate. It is particularly
worth noting that the spread velocity on the patterned
substrate was higher than that on the smooth substrate
even at the initial stage of the spreading process, as evi-
dent from the gradient of the normalized intensities shown
in Fig. 9(b).

The initial cooling rate of the SOD was 2.3 x 107 K/s;
hence, the apparent thermal contact resistance on the
assumption of Newtonian cooling (Ref 20) was 9.3 x
107° m? K/W. Meanwhile, the initial cooling rate of the
SOS was 8.8 x 10’ K/s; hence, the apparent thermal con-
tact resistance was 2.6 x 10~° m? K/W. Consequently, the
thermal contact resistance of the SOD was more than three
times larger than that of the SOS. It is natural to think that
this difference came from the existence of dimples, because
intrinsic thermal contact resistance should be the same at
the same impact condition. In addition to the microscope
observations, this fact also suggests that the droplet was
spreading without filling the dimples. The apparent contact
area was much smaller than the splat size because of the
dimples, and it can cause higher thermal contact resistance
in the case of on the SOD.

Thus, most probably the advancing liquid sheet of the
droplet spreading on the dimple-patterned substrate
spread without filling the dimples. This is consistent with
the simulation result that the droplet did not fill the
dimples. The dimples in the central region were probably
filled by the subsequent stagnation flow, which was not
confirmed by the numerical simulation yet.

4. Discussion
4.1 Comparison Between Numerical Simulation
and Experiment

We first compare the results of numerical simulations of
the droplet on smooth substrate with experiments. The
calculated splat diameter was well consistent with that
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observed experimentally; the error was <10%, which is
within measurement errors. Next, we consider the results
on the dimple-patterned substrates. As discussed earlier,
unlike what was observed experimentally, the simulation
results for the droplet on the dimple-patterned substrate
showed no splashing, although the rim of the splat showed
perturbations due to the substrate surface morphology. It
was only when the droplet viscosity was lowered that we
observed splashing in the simulations. This is probably
because the high viscosity suppresses an increase in the
velocity difference along the circumference of the
advancing liquid sheet. Thus, viscosity of spreading mate-
rial is the important factor to cause the fingering/splashing.

The other difference between the numerical and
experimental results was in the spread velocity of droplets
on the dimple-patterned substrates: In the experiments,
the spread velocity of droplets on the dimple-patterned
substrate was higher than that on the smooth substrate in
the initial stages of spreading. However, in the simula-
tions, there was no distinct difference between spread
velocities in the initial stages of spreading.

Our explanation for these differences is that it is most
likely the air inside dimples that assists a droplet (liquid
film) to slip on the dimple surface, and as a result the
droplet spread velocity increases on the patterned sub-
strate. Therefore, since the numerical model did not
include the effects of surrounding air, it could not capture
this effect. A numerical model that can solve two phase
flow, i.e., droplet and the surrounding air, will give better
representation on this splashing phenomenon on the
concave-patterned substrates.

By comprehensive approach between the experiment
and numerical simulation, we have approached the
splashing phenomenon on concave-patterned substrates.
The simulation results clearly indicate the importance of
viscosity on disk-shape spreading or fingering/splashing
criterion and imply the importance of surrounding air.

4.2 Splashing on Concave Pattern

As presented earlier, droplet splashing occurs on both
convex- and concave-patterned substrates. In the case of
the convex patterns, a step at a surface triggers droplet
splashing (Ref 28). In contrast, in the case of concave
patterns, surface grooves cause the slipping of a spreading
droplet. When a droplet is spreading with contacting on a
smooth region, there will be a large velocity gradient in
the direction perpendicular to the substrate. Therefore,
the droplet rapidly decelerates due to the viscous dissi-
pation. On the contrary, when a droplet is spreading with
slipping over dimples, there will be a less velocity distri-
bution in the perpendicular direction. Thus, the droplet
can keep spreading with less deceleration. This spread
difference can cause the instability, which leads to fin-
gering/splashing of the droplet. Since the degree of viscous
dissipation depends on the viscosity of the spreading
droplet, the viscosity can be critical for this instability as
the simulation showed.

The dimples may also impede fluid flow by a pinning
effect, resulting in lower degree of flattening. Parizi et al.
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(Ref 6) showed that a spreading liquid film was impeded
by obstacles; a small liquid jet penetrated the space
between the obstacles, resulting in fingering. In fact, our
simulation also indicated that the minimum speed of the
spreading droplet on the dimple pattern was lower than
that on the smooth substrate as shown in Fig. 4. Thus, the
dimples can either promote spreading by slipping of the
spreading droplet or impede fluid flow by pinning phe-
nomena in principle. However, in our experimental
regions, the slipping effect seems more significant than the
impeding effect. This is supported by the fact that the
maximum degree of flattening on the dimple-patterned
substrate was larger than that on the smooth substrate.
This slipping/impeding effect ratio will change, depending
on the balance between the dimple geometry and the
droplet impact condition; the impeding effect will be more
significant at lower impact speeds.

Xu (Ref 29) classified droplet splashing modes into two
types: a corona splash caused by the air surrounding the
drop, and a prompt splash caused by the roughness and
texture of the surfaces. On a cold substrate, we previously
reported that the splashing of an YSZ splat could be a
combination of these two effects (Ref 26). Previous stud-
ies suggest that the surface adsorbates enhance splashing
on a cold substrate. However, in the scale of plasma-
sprayed particles under extreme conditions, these effects
come together and are indistinguishable. As an example
for such distinguishable splashing, Fig. 10 shows a splat on
an oxide photonic crystal preheated to 700 K. The sub-
strate has high-aspect-ratio-columnar structures that have
a few hundred nanometer columns, which were an order
of magnitude smaller than the patterns of quartz glass
substrates used in this study. This high-aspect ratio pattern
can be regarded as an extreme concave pattern. As can be
seen, the droplet completely splashed very similar to the
splat morphology on the cold substrate. Note that this
splash is not caused by surface adsorbates, because the
adsorbates almost vanish on a substrate preheated to

Fig. 10 Laser-scanning microscope view of a splat on a high-
aspect-micropatterned substrate
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700 K. Thus, the splash of a droplet on a concave pattern
should be considered separately from the prompt splash,
which can be caused by the surface roughness; the air
inside the concaves enhances the slip of the spreading
droplet and may play an important role in the splash.

Another unanswered question of this study is whether
the advancing liquid sheet of a droplet can be ejected
before the main flow and shortly after impact in plasma
spray, as reported by Thoroddsen et al. for water droplets
(Ref 30-32). Thoroddsen et al. reported that this sheet is
ejected even at impact velocities less than ultrasonic
velocities like plasma spray process. At least, when a
droplet impacts at much higher temperatures and the
viscosity of the droplet becomes a magnitude of order
smaller than this study, the emergence of the advancing
liquid sheet can occur, which remains as a future
assignment.

Finally, the effect of solidification on the spread is
considered. Our results suggest that the thermal contact
resistance becomes larger on the dimple-pattern sub-
strates because the dimples below the splat were not fully
filled, and it gives poor contact between the splat and the
substrate. As Dhiman et al. (Ref 19) suggested, in the case
of YSZ, contribution of the solidification to the splashing
would be rather small, because of the lower solidification
rate. Thus, it is expected that the effect of solidification is
minor in the combination of YSZ droplets and concave
patterns. Whatever the case may be, the design of concave
patterns can affect the splat formation in terms of both
fluid dynamics and heat transfer. This may help the con-
trol of the spreading behavior of the droplet in plasma
spraying, which is already achieved in polymer liquid
spread (Ref 33) and shown by simulation (Ref 7).

5. Conclusions

The effects of concave patterns of the substrate on the
spreading behaviors of YSZ particles were investigated
both numerically and experimentally under hybrid-plasma
spraying conditions. The micrometer-scale dimple-
patterns caused fingering/splashing of impacting droplets
in plasma spraying. The main mechanism that causes
splashing is likely due to the slip of the spreading droplet
at the concave regions. As numerical simulation sug-
gested, the fingering/splashing occurred only when the
viscosity of the spreading droplet was decreased. Below a
certain viscosity, the instability of spreading droplet
increased and caused the fingering/splashing. Thus, con-
cave aspects of a substrate surface play an important role
in splashing of spreading droplet over that surface as well
as convex patterns in plasma spraying.
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