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The splat morphology of yttria-stabilized zirconia (YSZ) droplets deposited by dc-rf hybrid plasma
spraying (HYPS) was studied. Two types of YSZ powder were used, namely fused and crushed powder
(FC) and hollow spherical powder (HOSP). The three-dimensional shape of more than 600 disk-shaped
splats on preheated substrates was evaluated using a laser-scanning microscope to determine the splat
diameter, thickness, and their dimensionless forms. The HOSP showed a higher degree of flattening than
the FC. Both the FC with a powder size distribution of 45-75 pm and the HOSP of 30-120 pm can be
used as spray materials in the HYPS to achieve a coating design based on fully molten particles. The
effect of the substrate temperature on the splat morphology was similar to that of atmospheric dc plasma
spraying; however, the transition from a splashed shape to a disk shape gradually occurred at higher

substrate temperatures.

Keywords diagnostics and control, preheating of substrate,
RF induction plasma spraying, TBC topcoats

1. Introduction

A dc-rf hybrid plasma has been applied to the plasma
spraying technique, called hybrid plasma spraying (HYPS)
(Ref 1-4). The residence time of particles in the hybrid
plasma jet is one order of magnitude longer and the
plasma jet diameter is also five to ten times larger than
those of the atmospheric dc plasma jet. These character-
istics enable the HYPS to completely melt the injected
powder particles. For example, a melting index, which was
proposed to express the melting state of particles by Xiong
et al. (Ref 5) and given by the ratio of the residence time
of a particle to the time required for the particle to be fully
melted, can be ten times greater. Thus, the design of
coatings based on fully molten particles is available by the
HYPS, and a dense electrolyte for solid oxide fuel cells
was actually produced by this method (Ref 2, 6, 7). This
melting capability also enables the vaporization of fine
powder less than 10 pm, which has been used for thermal
plasma physical vapor deposition (Ref 8, 9). A new plasma
spray process combining these two techniques is a prom-
ising candidate to produce next generation thermal barrier
coatings (Ref 4, 10, 11).
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Coating architecture based on fully molten particles
requires an understanding of the splat morphology of the
HYPS. However, the splat morphology of the HYPS has
not been systematically studied when compared to that of
the APS (Ref 12-18). Powder morphology is the first
concern. In the case of the APS, fused and crushed powder
(FC) and hollow spherical powder (HOSP) are often used
as spray materials. The FC is used to obtain a dense
coating, and the HOSP produces a porous coating (Ref 19,
20). In contrast to the APS, the HYPS coating architecture
is based on complete melting of the injected powder
particles. Therefore, the powder morphology effect should
be reconsidered. The melting capability of each powder is
also important. It is obvious that the HYPS can melt larger
size powder than the APS, yet one needs to know how
large powder can be actually sprayed for these two types
of powder.

The effect of the substrate temperature on the splat
morphology is another issue to be investigated. It is well
known that the splat takes on a splashed shape below a
certain substrate temperature called the transition tem-
perature in the APS and exhibits a disk shape above the
transition temperature (Ref 21, 22). The splashing of
splats may reduce the deposition efficiency, cause poor
adhesion of the splats, and reduce the coating quality.
Thus, it is important to understand the transition phe-
nomena of splats. Many phenomena, such as the particle
impact energy (Ref 23), poor wettability (Ref 24), surface
adsorbate (Ref 25), surface oxidation of a substrate
(Ref 26), rapid solidification of a spreading droplet
(Ref 27), and surrounding pressure (Ref 28), can cause the
splashing of splats. The impacting speed of particles in the
HYPS is typically 30-70 m/s and much slower than that of
the APS (100-300 m/s). Therefore, the transition behavior
of the HYPS may be different from that of the APS.
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The objective of this paper is to study the morphology
of YSZ splats deposited by the HYPS. Two kinds of
powder, that is, FC and HOSP, were examined over a
wide range of powder sizes. The effect of the substrate
temperature on the splat morphology was also examined.
The feasibility of the HYPS was discussed using a previ-
ously reported model (Ref 15).

2. Experimental

Figure 1 shows the schematic diagram of the experi-
mental apparatus, which consists of a 4 MHz-50 kW rf
power supply, a 10 kW dc power supply, a dc-rf hybrid
plasma torch, an airtight chamber, a powder feeder, a gas-
feeding system, a water-cooling system, and a vacuum
system. Detailed description of the HYPS system is
described elsewhere (Ref 1, 6, 16).

Two types of YSZ powder were used in this study: one
was conventional FC, which was the same composition as
K-90 (Showa Denko K.K., Tokyo, Japan) but had a larger
size distribution that was sieved into two nominal diame-
ter ranges; that is, small (S) 37-44 um and medium (M)
63-88 um. The other was HOSP (204C-NS, Sulzer Metco,
USA) into three ranges; that is, small (S) 37-44 um,
medium (M) 63-74 pum, and large (L) 88-125 um. The
purpose of the powder sieving is to easily observe the splat
morphology as a function of a droplet diameter. These
types of powder were sprayed by an argon-hydrogen
atmospheric plasma under the conditions shown in
Table 1(a). The distance between the torch exit and the
substrate was fixed at 70 mm. A boron nitride (BN) plate
with a 1 mm diameter orifice was mounted 30 mm above a
substrate to reduce the number of particles reaching the
substrate. This cover also plays an important role in con-
trolling the substrate temperature to prevent the substrate
from direct heating by the plasma jet and to heat the
substrate gradually by its radiation. Mirror-polished
stainless steel plates (AISI 304, 50 x 50 x 6 mm) and
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Fig. 1 Schematic diagram of experimental setup to collect sin-
gle splats. The system is built inside an airtight chamber

Journal of Thermal Spray Technology

é

smooth quartz glass plates (50 x 50 x 0.5 mm) were used
as the substrates. The substrates were rotated during the
experiments to avoid any overlap of the splats and pre-
heated with the BN plate prior to the splat deposition. The
substrate temperature, 7, was measured at the bottom
side of the substrate with a K-type thermocouple. Figure 2
shows a typical temperature history of a stainless steel
substrate. The value of T gradually increased during the
pre-heating from 303 to 763 K within 180 s. It should be
noted that no substrate oxidation occurred, because the
experiments were conducted in an argon-hydrogen atmo-
sphere in the airtight chamber.

The splat morphology in a three-dimensional shape was
measured with a laser-scanning microscope (LSM) (Model
VK-8500, Keyence Corp., Osaka, Japan). Moreover, in the
case of the quartz glass substrates, the splats were
observed from the bottom side through the substrate. The
splat morphology of more than 600 disk-shaped splats on
the stainless steel substrates obtained at 7, =763 K, which
was considered to be well above the transition tempera-
ture, was evaluated to determine the effect of the powder
particle size. Here, the particle diameter d was derived
from the splat volume, which could be measured with the
LSM. Therefore, the value of d corresponds to the diam-
eter of a fully molten non-hollow solid droplet before
impact. It should be noted that d should be smaller than
the initial powder diameter in the case of the HOSP. The
splat diameter D was defined by the average of the splat
diameters in two orthogonal directions. The splat thick-
ness Z was derived from the splat volume and D, assuming
that the splat had a flat circular disc shape. The dimen-
sionless forms of D and Z with respect to d were also
derived to evaluate the droplet deposit dynamics, i.e., the
degree of flattening, &, which was defined by & = D/d; and
the other was the degree of flattening in thickness, ,
defined by {=Z/d.

During the HYPS, some splats showed a unique shape
and morphology, which differed from those obtained by
the conventional APS. These splats were also examined by
scanning electron microscopy (SEM), energy-disperse
x-ray spectrometry (SEM-EDS), and electron probe
wavelength-disperse x-ray spectrometry (EPMA).

To examine the effect of T, the change in the splat
morphology was carefully observed at the five points
indicated in Fig. 2, i.e., Ts=303, 408, 513, 673, and 763 K.

Table 1 Plasma conditions

Operating parameters (a) HYPS (b) APS
dc plasma torch

Ar gas flow rate, SLM* 10 50

He gas flow rate, SLM 13

dc current, A 400 800
rf plasma torch

Radial Ar gas flow rate, SLM 30

Tangential Ar gas flow rate, SLM 20

Radial H, gas flow rate, SLM 5

Input power, kW 50

*Standard liters per minute
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Fig. 2 Substrate temperature 7 as a function of preheating
time t. The splats were collected at the five temperatures shown
in the figure

For the purpose of comparison, splats were also col-
lected by APS. To collect the splats, the FC of 8 wt.%
YSZ (K-90, Showa Denko K.K., Tokyo, Japan) with the
nominal diameter of 10-44 um were sprayed by a con-
ventional dc plasma torch with a 40 kW subsonic anode
(SG-100 with type 2083-165 anode, TAFA, Inc., A Praxair
Surface Technologies, Inc., NH, USA). Only one kind of
powder (i.e. FC) was examined because the process dif-
ference between HYPS and APS would be much larger
than the powder morphology difference between HOSP
and FC in APS. A 25-kW argon-helium plasma was used
as shown in Table 1(b). A stainless steel (AISI 304) sub-
strate with the thickness of 5 mm was used, and the sub-
strate temperature was kept at 500 K, which was
measured at a position 2.5 mm from the substrate surface
with a K-type thermocouple. The stand-off distance was
100 mm.

3. Results

Almost all the splats of the FC and the HOSP depos-
ited on a stainless steel substrate at T3=763 K by the
HYPS were disk-shaped, while some HOSP splats of
d > 80 um and FC splats of d > 75 um had unmolten
cores or shells, indicating that both the HOSP and the FC
up to roughly d=75 pm can be completely melted by the
HYPS. Many tiny droplets (approximately a few microns)
were deposited on substrates in the case of the HOSP. The
values of D and Z of those splats are plotted as a function
of d in Fig. 3(a) and (b), respectively. Those of the APS
are also shown in Fig. 3 for comparison. The HOSP had a
larger D than the FC and the difference in D became
greater with the increasing d. The value of D of the HOSP
was nearly 300 pm at d =75 pm. Interesting findings were
that Z was almost constant over the wide range of d
(25 < d < 60 pm), while D monotonically increased over
d. The values of Z of the HOSP and the FC were
approximately 2 and 3 pm, respectively. This was in
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Fig. 3 (Color online) Dependence of (a) splat diameter D and
(b) splat thickness Z on droplet diameter d for hollow spherical
powder (HOSP) and fused and crushed powder (FC) deposited
by hybrid plasma spraying. The values of D and Z were averaged
for every 5 pm of d. The points of FC are offset 2 pm to right.
The values of D and Z of the FC deposited by atmospheric dc
plasma spraying (APS) are also shown for comparison. The error
bars indicate a standard deviation. Since the number of data
points of the APS was not enough, all the data points are shown
instead of average values with error bars in the case of the APS

contrast to Z of the APS, which monotonically increased
from 1 to 2 um as a function of d. The value of Z of the
HOSP was 1 pum less than that of the FC over the range of d.

Figure 4(a) and (b) shows & and { versus d, respec-
tively. The HOSP had roughly a 0.5 higher & than the FC
for all the d. At 50 < d < 70 pum, the HOSP showed
&=4, which was comparable to the APS. In contrast to
Fig. 3(b), the values of { of the HYPS monotonically
decreased with the increasing d up to 50 um, while that of
the APS decreased and then increased with the increasing
d, even though the magnitude of the change was smaller
than that of the HYPS. Both types of powder had peaks
of & at a similar location around 55 < d < 65 pm. This
change can also be seen in Fig. 3(a), (b) and 4(b) as a
change in the gradient. Taking into account the fact that
splats with d > 75 pm had unmolten cores or shells, it is
rational that the particle temperature tended to decrease
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Fig. 4 (Color online) The dependence of (a) the degree of
flattening, &, and (b) the degree of flattening in thickness, {, on
the droplet diameter d for hollow spherical powder (HOSP) and
fused and crushed powder (FC) deposited by hybrid plasma
spraying. The values of & and { were averaged for every 5 pm of
d. The points of FC are offset 2 pm to right. The values of & and
of the FC deposited by atmospheric dc plasma spraying (APS)
are also shown for comparison. The error bars indicate a standard
deviation. Since the number of data points of the APS was not
enough, all the data points are shown instead of average values
with error bars in the case of the APS

above d=60 pm, and particles were not fully molten
above d=75 pm.

Figure 5 summarizes the morphological changes in the
splats as a function of § (2 < & < 5). These top and
lateral images indicate drastic change in the splat mor-
phology. At lower & (~2), the splat exhibited a dome-like
shape in which the central region was thicker than the
periphery. For higher & (23), the splat morphology was
similar to that of the APS; that is, the splat had a smooth
surface with a rounded rim. The size of the rim was greater
than that of the APS. When the thickness of a splat was
thinner (Z < 1.5 um), the substrate surface could be
observed through the splat.

Among these splats, the splats with £ ~ 2 were further
investigated. In order to characterize the particle impact
kinetics, a similar splat was extracted from an experi-
mental database in our previous study, which was a similar
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condition to this study (Ref 15). Figure 6 shows secondary
electron images of the surface morphology and micro-
structure of a splat with £=2.0. In situ measurements
revealed that this splat was formed from a droplet of
d =47 pm impacting at 2712 K (undercooled state) and at
a speed of 16 m/s, which was lower than the typical impact
speed in the HYPS (30-70 m/s). The surface of the splat
showed a peculiar structure (Fig. 6b), which was different
from the conventional columnar microstructure that was
observed in a splat with & > 3 (an example is given in
Fig. 6¢). The dendrite-like microstructure shown in
Fig. 6(b) implied the non-facet growth of the YSZ. Both
SEM-EDS and EPMA confirmed that these splats had the
same composition as the powder materials. Therefore, the
formation of a dendritic structure was not attributed to
the composition change but probably to a lower impact
velocity and/or the undercooling of the droplet.

Finally, Fig. 7 and 8, respectively, show the typical splat
morphology of the FC and that of the HOSP deposited
onto quartz glass substrates at 7 ranging from room
temperature to 763 K. There were no distinct differences
in the splat shapes between the FC and the HOSP. The
splats of both types of powder gradually changed their
shape from a splashed one to a disk-shaped one as T
increased. The transition temperatures were between 513
and 673 K. Although it was not statistically confirmed, the
small splats (D < 100 pm) tended to show a disk-shape,
while the larger splats (D > 250 um) sometimes exhibited
a disk shape but with fingers even at the higher Ti.
Although the splat shapes were similar between the HOSP
and the FC, crack patterns were different; the crack pat-
terns in the radial directions were more apparent for the
FC splats than that for the HOSP.

4. Discussion

4.1 Morphology of YSZ Splats

The morphology of disk-shaped splats deposited by the
HYPS was evaluated through four indices as a function of
the particle diameter d; that is, the splat diameter D, the
splat thickness Z, and their dimensionless forms (i.e., the
degree of flattening), & and {, respectively. We now discuss
how the splat morphology of the HYPS differs from that
of the APS with the help of a simple analytical model.

When neglecting the contribution of the splat rim on
the splat morphology, an analytical model developed by
Pasandideh-Fard et al. (Ref 29) well describes the splat
morphology (Ref 15). When a droplet with the diameter d
and kinematic viscosity v impinges on a substrate at a
speed V, the degree of flattening, &, is given by (Ref 29):

c_D_1va\"
Td 2\ v

The actual splat diameter D can be thus predicted by

1 V1/4d5/4

DZET (Eq 2)

(Eq 1)
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Fig. 5 Laser-scanning microscope images of splat morphologies from top and lateral views for various degrees of flattening, . The splats
with =2, 3 and with £=4, 5 were deposited from fused and crushed powder and hollow spherical powder, respectively
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Fig. 6 Secondary electron images of splat morphology whose degree of flattening is 2.0. (a) Whole image. (b) Magnified view of center
part. This droplet had a 47 pm diameter and impinged on a substrate at the speed of 16 m/s and the temperature of 2712 K. (c) Fracture
surface of a typical splat that has a columnar structure
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Fig. 7 Laser-scanning microscope images of top side (left)
and bottom side (right) of YSZ splats of fused and crushed
powder deposited onto quartz glass substrate at various sub-
strate temperatures. The images of the backsides of the splats
appear as a reflection flipped left-to-right so that the corre-
spondence between the top and bottom surface is easy. Bar
indicates 50 pm

Equation 2 clearly shows that the initial droplet diameter
d is the primary factor that determines the splat diameter
D. In the case of the APS, since the maximum size of
the particles is limited due to the melting capability, the
primary strategy to increase d is not practical. On the
contrary, HYPS can use this strategy thanks to its high
melting capability. Thus, as shown in Fig. 3(a), large
splats up to 300 um can be obtained by the HYPS, even
though the impact speeds of the particles were at most
30-70 m/s.

Journal of Thermal Spray Technology

Fig. 8 Laser-scanning microscope images of top side (left) and
bottom side (right) of YSZ splats of hollow spherical powder
deposited onto quartz glass substrate at various substrate tem-
peratures. The images of the backsides of the splats appear as a
reflection flipped left-to-right so that the correspondence
between the top and bottom surface is easy. Bar indicates 50 um

Assuming that a splat has a cylindrical shape, the
dimensionless splat thickness { can be derived from Eq 1 as

_Z 8rv\\l2
)
Therefore, the actual splat thickness Z can be given by

Z:§(V_d)1/2
3\V

In Fig. 4, the value of & turned to decrease and ( to
increase above a certain diameter d. for both the APS and

(Eq 3)

(Eq 4)
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the HYPS. According to Eq 1 and 3, this implies that a
drop of V/vwas much bigger than the increase of d above d_;
that is, the drop of particle velocity and/or temperature
cannot be negligible above a certain particle diameter,
because v has an inverse relationship with the particle
temperature. Moreover, d.. of the APS was smaller than that
of the HYPS, suggesting that the drop of particle velocity
and/or temperature occurs at a smaller diameter in the APS
compared to the HYPS.

However, when converting  into a real thickness Z, an
interesting phenomenon happens; as shown in Fig. 3(b),
the value of Z of the HYPS was almost constant over the
wide range of d < 60 pm despite that { decreased with the
increasing d, which is in contrast to that of the APS, which
monotonically increased. This means that vd/V can be
almost constant in the HYPS, while it increased mono-
tonically with the increasing d in the APS according to
Eq 4. Although further investigation is needed to confirm
this phenomenon, a relationship between particle size and
velocity may partly explain this. A simulation done by
Xiong et al. (Ref 30) showed that larger particles tend to
have higher velocity in rf induction plasma spraying, which
is in contrast to the APS in which larger particles tend to
have lower velocity (Ref 5, 31). If the particle acceleration
mechanism of the HYPS can be regarded as a similar
mechanism to the rf induction plasma spraying, the value
of vd/V may be constant in the HYPS, while that of the
APS may increase, within a range where temperature drop
is not so large compared to the diameter change.

The uniform thickness of the splats over the wide range
of d (<60 pm) may be useful to design a uniform micro-
structure coating. For example, as was summarized by
Huang et al. (Ref 9), the next generation TBCs require a
layering structure to prevent thermal radiation transfer,
which becomes significant at high temperatures over
1473 K (Ref 32). The uniform thickness of the splats can
be helpful when designing such a coating.

It is noteworthy that the splat morphology could be
explained with a help of an analytical model. This means
that the in-flight state of particles can be estimated to
some extent from an ex situ observation of the splat
morphology. Thermal spray systems in an airtight cham-
ber, such as the HYPS system and a low pressure plasma
spray system, are often difficult to do in-flight diagnostics.
In such a case, the splat morphology evaluation as a
function of d will be a strong tool.

4.2 Effect of Powder Morphology: HOSP and FC

The degrees of flattening, &, of the HOSP were always
greater than those of the FC. According to Eq 1, this
means that V/v of the HOSP must always be greater than
that of the FC. That is, both the temperatures and veloc-
ities of the HOSP particles were expected to be higher
than those of the FC. This was the same tendency as the
APS (Ref 20).

This tendency can be explained by considering the
actual outer diameter of an injected HOSP particle. In this
study, we described the size of a single powder particle by
the equivalent volume sphere diameter d. Thus, even for
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Fig. 9 (Color online) The dependence of the degree of flat-
tening, &, on the initial powder diameter d;, for hollow spherical
powder (HOSP) and fused and crushed powder (FC) in the
hybrid plasma spraying. The region where the degree of flat-
tening, & > 3 is hatched

the same d, the initial diameter of the HOSP particle was
larger than that of the FC. Therefore, until the HOSP
particle was completely melted and formed a full-filled
molten droplet, the HOSP particle had a larger diameter
and a larger surface to mass ratio than the FC. Since this
apparent larger diameter gives a larger drag force, the
HOSP particle was expected to be accelerated more and
to have a higher speed than the FC. The large surface to
mass ratio increases the heat transfer from the plasmas,
and the HOSP particle could have a higher temperature
than the FC. Thus, as well as the APS, the HOSP particles
had higher temperatures and velocities than the FC.

The actual initial powder diameter d,, before molten
should be greater than d for the HOSP. The value of dj, of
the HOSP can be estimated by assuming that the shell
thickness of the HOSP particle is 10 um (Ref 33). Figure 9
re-plotted Fig. 4(a) as a function of d,. To fill the gap
between a single splat test and an actual coating, Hamatani
et al. (Ref 6) reported an empirical rule in which a dense
coating was obtained at & > 3 in the HYPS. By adding this
criterion to Fig. 9, we can see the wide range of powder
sizes of the FC and HOSP that are suitable for the HYPS;
that is, the FC with the size 40 < d, < 75 um and the
HOSP with the size 30 < d, < 120 pm can be used in the
HYPS. These values were much greater than the full-
melting limitation of the APS, which were calculated to be
dp,=50 um and 60-90 pm for the FC and the HOSP,
respectively (Ref 33).

4.3 Effect of Substrate Temperature on Splat
Morphology

The transition of the splat morphology when the sub-
strate temperature changes is a well-known phenomenon
in the APS. This study showed that this transition also
occurred in the HYPS. The morphology of a splat
splashing on a room temperature substrate in this study
was similar to the splashing images of the one impacting
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on a room temperature substrate in the APS (Ref 12).
Thus, the splashing of the splat in the HYPS probably
occurs by the same mechanism as the APS. That is, the
transition phenomena of YSZ splats occur for a wide
range of impact velocities (30 < V < 200 m/s).

Although the splat morphology was similar to that of
the APS, the transition temperature was higher than that
of the APS. The transition occurs at 513 < T, < 673 K
for the HYPS, while at 7, < 500 K for the APS (Ref 28).
An increase in the transition temperature with the
increasing impact velocity was also reported in the case of
aluminum wire arc spraying, which can be explained by
the thickness change of the initial solidification layer
(Ref 34). However, as Dhiman et al. reported (Ref 35),
the effect of solidification on inducing splashing is rather
small in the case of YSZ. Taking into account the fact that
smaller particles tended to exhibit a disk shape even at a
low T, the transition temperature may slightly depend on
the particle size and velocity themselves. These similarities
and differences in the transition behavior do not directly
show the feasibility of the HYPS, yet they can be a guide
for the development of the HYPS.

5. Conclusions

More than 600 YSZ splats deposited by the HYPS were
observed with the LSM. The morphology of the splats was
evaluated with the help of an analytical model and com-
pared to the APS. The HOSP showed the greater degree
of flattening than the FC. Both the FC with a powder size
distribution of 45-75 pm and the HOSP of 30-120 pm can
be used as spray materials in the HYPS to achieve a
coating design based on fully molten particles. Interesting
findings were that the splat thickness was almost the same
over a wide range of particle sizes, which may help to
obtain a uniform coating. The effect of the substrate
temperature on the splat morphology was similar to that
of the APS; however, the transition from a splashed shape
to a disk shape gradually occurred, and the transition
temperature was higher than that of the APS.
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