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Abstract

Because of the containerless state, an in-flight droplet in thermal spray coating (TSC) has been presumed to experience a large und-
ercooling prior to impact on a substrate. In the present investigation, using a Y3Al5O12 (YAG) droplet as a model material for TSC, the
spreading and solidification of the droplet impacted on a substrate were investigated over a wide range of undercoolings by means of
both levitation and high-speed imaging techniques. The maximum spread of the droplets upon impact decreased with increasing under-
coolings. The rebound of the droplets observed at high temperature also disappeared with increasing undercoolings. These results suggest
that the spreading behavior and the final splat shape are strongly influenced by undercoolings because of their increase in viscosity.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the practical techniques for thermal barrier coat-
ing (TBC) is thermal plasma spraying (TPS), in which small
powders are melted, accelerated in a high-velocity gas
stream at a high temperature, and then deposited on a sub-
strate [1]. The elemental processes of TPS are the spread-
ing, solidification and adhesion of a single droplet on a
substrate. Quantitative understanding of these elemental
processes, which has been highly desired for optimization
of the TPS process, was prevented by its extreme severe
conditions, such as the particle size of �50 lm and the
flight velocity of �102–103 m/s. Recent progress in high-
speed optical pyrometry has enabled direct detection of
the impact behavior of the droplet [2–4]. The temperature
data obtained on yttria-stabilized zirconia suggested that
the droplet might experience undercooling prior to impact-
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ing the substrate [4]. Furthermore, numerical calculations
predicted that the in-flight droplets, which are in a contain-
erless state without an extrinsic heterogeneous nucleation
site such as crucible wall, undercool deeply below the melt-
ing temperature [5]. Past model analyses of the TPS process
[6,7] have included the impact velocity, surface energy and
substrate temperature as experimental parameters control-
ling the spreading behavior, however, the effect of the und-
ercooling has never been addressed despite its large
influence on the spreading and solidification behavior.

Previously, the authors have studied the rapid solidifica-
tion from the undercooled melt of the metallic material
using an electromagnetic levitator (EML) [8]. In addition,
the authors recently combined the EML apparatus with
an infrared (IR) thermal imaging system to observe the
solidification behavior of a silicon droplet impacted onto
a silicon wafer. They reported that the final splat shape
strongly depends on the undercooling of the droplet since
the solidification rate in the undercooled melt was so high
to prevent the droplet spreading [9,10]. In the TPS process,
the large energy barrier for the formation of the critical
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nucleus in oxide materials such as yttria-stabilized zirconia
(YSZ) enhances the undercooling of the droplet not only
in-flight but also at the impact on the substrate. On the
other hand, the growth kinetics is much slower than that
of metals. In this case, the viscosity of the undercooled
droplet will considerably affect the spreading behavior.

Here, the maximum undercooling obtained for YAG is
reported to be �1000 K even for millimeter-size droplet
[11], while those of typical TBC materials such as Al2O3

and YSZ are typically �300–400 K where the increase in
viscosity will not be so large. In case of particle size of
�50 lm, however, larger undercooling can be expected
even for TBC materials. In the present study, Y3Al5O12

(YAG) was used as a model sample to simulate the TSP
process. The objective of this study is to elucidate the
effects of the viscosity on the spreading and solidification
behaviors of the droplet impinging on a substrate as a func-
tion of initial undercoolings.

2. Experimental procedure

The spherical YAG samples were prepared by melting
the YAG powders using a CO2 laser on a water-cooled
copper hearth. The powders melted from the top became
hemisphere shape due to the surface tension and this melt-
ing process was iterated several times, which resulted in
spherical shape. The typical diameter and mass were �2.5
and �25 mg, respectively. The sample was levitated by a
separative aerodynamic levitator (ADL), as shown in
Fig. 1, in O2 gas flow and melted completely by the CO2

laser from the top. The surface temperature was monitored
by a thermopile with broadband operating wavelength
from 4.6 to 5.2 lm and a spot diameter of 2 mm. The drop-
let’s undercooling was maintained by adjusting the CO2

laser output. Finally, the ADL nozzle was separated
toward either side as, simultaneously, the shutter of the
CO2 laser was closed and the levitation gas was stopped.
Then, the droplet began freefall.
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Fig. 1. Schematic diagram of aerodynamic levitator and imaging system.
In this study, the mirror-polished copper plate, 2 mm
thick, was used as the substrate at two kinds of heating
conditions of room temperature and 573 K. The copper
substrate’s wettability to the molten sample was increased
by heating using two ceramic heaters. The substrate
reached the predetermined temperature in �30 min with a
temperature distribution of ±3 K/cm. The distance from
the levitated sample to the substrate was adjusted to
15 cm to yield a droplet impact velocity of approximately
1.7 m/s. The sequence of dropping, impacting, spreading
and solidification of the droplet was monitored from the
side of the substrate using a high-speed video camera
(HSV) at 5 kHz for 128 � 80 pixels or at 1 kHz for
256 � 240 pixels. The experimental details are given else-
where [12]. The spreading factor, D/d (the ratio of the splat
diameter, D, to the initial droplet diameter, d), was mea-
sured by extracting the edge of the droplet in the HSV
image.

3. Results

Fig. 2 shows the selected frames of HSV images taken at
1 kHz for droplets with different initial temperatures. The
copper substrate was kept at room temperature. The time
indicated in each image was set at 0 ms for one frame before
impact. In the sample dropped at 2474 K (a), which is 260 K
higher than the melting point (TM = 2213 K), the droplet
diameter reached its maximum at 2 ms and rebounded at
�6 ms. Finally, a small droplet necked off from the original
one at 8 ms. The main droplet fell back at �150 ms,
rebounded again and disappeared from the screen. Accord-
ing to further frames, not shown here, the main droplet
seemed to be semi-solid state at its second rebound. The
contact angle at the droplet edge was always larger than
90�, indicating that the molten YAG is repelled from the
copper substrate. In the sample dropped at 2070 K (DT =
143 K), as shown in Fig. 2b, the spreading behavior was
similar to that in (a), but the detachment of a small droplet
did not occur. When the droplet rebounded, no solid was
detected from the side view even though the quenched
region was apparently observed at t > 5 ms. However, very
recent study using a new HSV with the high-spatial resolu-
tion (1024 � 1024 at 5 kHz) confirmed that the solidifica-
tion occurred only at the quenched surface. The thin solid
layer was engulfed into the droplet during recoiling. On
the other hand, in the sample dropped at 1418 K
(DT = 795 K) (c), the maximum splat diameter was consid-
erably decreased. After the impact, the droplet stayed on the
substrate and then solidified from the center position, which
had been the edge at the maximum splat size. The tempera-
ture of the solid was higher than the undercooled droplet
because of the latent heat release. The intensities for differ-
ent samples cannot be compared as a function of tempera-
ture because the aperture for the optical lens of the HSV
was individually optimized for each sample.

Although the HSV images taken at 1 kHz are well suited
to monitor the sequence of the process, the time resolution



Fig. 2. HSV images (256 � 240 pixels) of the spreading and solidification behavior of YAG samples dropped at different initial temperatures: (a) 2474 K,
(b) 2070 K (DT = 143 K), and (c) 1418 K (DT = 795 K). The time was indicated in the unit of ms at the upper left in each image and set at 0 ms for one
frame before impact.
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is too low to determine the maximum of the spreading fac-
tor. Therefore, the period from the impact to the rebound
was remeasured with a spatial resolution of �0.08 mm/
pixel at 5 kHz. Fig. 3 shows the spreading factor as a func-
tion of time for the samples at various initial temperatures.
The length of the spread droplet was measured at the max-
imum diameter, not at the droplet/substrate interface. The
plateau shown at around t = �1.8 ms suggests that the
time resolution achieved at 5 kHz is sufficient for this anal-
ysis. The maximum spreading factor decreased with
increasing initial undercoolings. Moreover, the time
required to reach the maximum spreading factor also
decreased. The time (tC) taken for a droplet to spread to
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Fig. 3. Spreading factor of YAG samples as a function of time for the
samples with different initial temperatures: (a) 2474 K, (b) 2069 K
(DT = 144 K), and (c) 1471 K (DT = 742 K).
its maximum extent is predicted to be 8d/3v [6], where d

is initial droplet diameter and v is the impact velocity.
For the present experiment, tC can be calculated as
3.9 ms, which is independent of the initial undercooling.
It was not consistent with the present case.

In order to reveal the effect of the wettability between
the droplet and the copper substrate, the copper substrate
was heated to different temperatures. The droplet tempera-
ture before release was kept at around the melting point.
When the substrate temperature was lower than 423 K,
rebound was observed. An attachment between the droplet
and the substrate was found above 473 K since the
improved wettability facilitated solidification. In the case
of a substrate temperature higher than 573 K, the surface
oxidation was detected. Therefore, the substrate tempera-
ture of 523 K was selected for further study.

For the copper substrate heated to 523 K, the spreading
and solidification behavior were again observed using the
HSV at 1 and 5 kHz, as shown in Fig. 4. The spreading
behavior was very similar to the case of the copper sub-
strate at room temperature. The main differences observed
were the detachment processes of the small droplets, since
the droplet attached to the substrate due to the improved
wettability. In the sample dropped at 2271 K (a), many
small droplets detached from the main droplet. Even at
1772 K (DT = 441 K), a single small droplet detached
and solidification was observed at �10 ms, as shown by
an arrow. Finally, in sample dropped at 1675 K
(DT = 538 K) (c), no detachment was observed and solidi-
fication started from the center, similarly to Fig. 2c.

Fig. 5 shows the maximum spreading factor determined
by the HSV at 5 kHz as a function of initial droplet temper-
atures. The solid and open circles indicate the experimental
results for the copper substrate at room temperature and



Fig. 4. HSV images of spreading and solidification behavior of YAG samples dropped on the 523 K copper substrate at different initial temperatures of (a)
2271 K, (b) 1772 K (DT = 441 K), and (c) 1675 K (DT = 538 K). The time was set at 0 ms for one frame before impact. The time was indicated in the unit
of ms at the upper left in each image and set at 0 ms for one frame before impact.
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Fig. 5. Maximum spreading factor of YAG samples as a function of
initial droplet temperatures. The solid and open circles indicate the
experimental results for the copper substrate at room temperature and
523 K, respectively.
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523 K, respectively. The measurement error in the spread-
ing factor was roughly ±0.1 due to the low spatial resolu-
tion of the HSV at 5 kHz. The spreading factor
monotonically decreased from �2.1 to �1.6 with decreas-
ing initial droplet temperatures, which can be expressed
by the fits

DMAX=d ¼ �4:605þ 1:97 � logðT Þ
for the substrate at room temperature ðsolid lineÞ; ð1Þ

DMAX=d ¼ �3:873þ 1:75 � logðT Þ
for the substrate at 523 K ðdotted lineÞ; ð2Þ

where DMAX is the maximum diameter and T is the droplet
temperature. No difference in maximum spreading factor
for the two kinds of substrate temperatures was found
within the measurement error. In the case of conditions
such as splashing, the substrate temperature is critical for
predicting the spreading behavior [13]. The substrate tem-
perature was not critical in terms of maximum spreading
factor for the present case. In the case of the substrate at
room temperature, the occurrence of ‘‘rebound and detach-
ment” was observed until �2100 K, while the droplets
stopped rebounding at �1550 K, as indicated by the hatch-
ings. On the other hand, in the case of the substrate at
523 K, detachment was observed until �1700 K, which is
indicated by a double dotted line.
4. Discussion

The in situ observation of spreading and solidification of
a YAG droplet was carried out using the separative ADL
as a function of undercoolings. Before considering the
spreading behavior, the difference in the droplet tempera-
ture between before release and before impact was dis-
cussed. The brightness of the levitated droplet during
freefall as measured by the HSV was correlated to the
pyrometric temperature. According to the correlation
curve, the difference in the droplet temperature between
before release and before impact decreased from �220 K
at 2273 K to �90 K at 2073 K. The temperature of the
droplet before its release was just assumed to be the same
as that before impact, since the difference was negligible
at the temperature lower than 2000 K.

The maximum spreading factor decreased from 2.1 to
1.6 with increasing undercoolings, as shown in Fig. 5.
The maximum spreading factor has been derived by the
energy conservation law, wherein the kinetic energy just
before impact and the surface energy are converted into
energy dissipation due to the viscosity and energy increase
due to the enlarged surface area at the maximum spread
diameter, as follows [14]:

DMAX

d
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Weþ 12

3ð1� cos haÞ þ 4ðWe=
ffiffiffiffiffiffi
Re
p
Þ

s
; ð3Þ
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where We is Weber number (qdv2/c), Re is Reynolds num-
ber (qdv/g), and ha is the advancing liquid–solid contact an-
gle. Moreover, q is density, c is surface energy, and g is
viscosity. The dominant factors contributing to the de-
crease in the maximum spreading factor are discussed using
Eq. (3). The viscosity and the surface energy of the YAG
above the melting point [15], and the density for a wide
range of temperatures including the undercooled region
[16] were determined experimentally as follows:

g ¼ 1:48� 10�3 � exp
7714

T

� �
Pa s

ð2243 6 T=K 6 2343Þ ½15�; ð4Þ
c ¼ 10�3 � ð850� 0:035� T Þ N=m

ð2243 6 T=K 6 2343Þ ½15�; ð5Þ
q ¼ 3:99� 103 � 0:29 � ðT � T MÞ kg=m3

ð1470 6 T=K 6 2420Þ ½16�: ð6Þ

ha increased roughly from 120� to 140� with decreasing
temperature according to the HSV images. The tempera-
ture dependence of ha was roughly assumed to be linear be-
cause of the low spatial resolution of the HSV,

ha ¼ �0:01538 � T þ 158:45 ð1200 6 T=K 6 2500Þ: ð7Þ
The physical properties shown above were used to calculate
Eq. (3) by extrapolation to the undercooled region. The im-
pact velocity, 1.7 m/s, and the initial diameter,
2.5 � 10�3 m, were also used. The experimental results of
Eq. (1) and the calculation of Eq. (3) are plotted in
Fig. 6a by solid circles and solid triangles, respectively.
Although the calculation yields lower values than the
experimental results for the low temperature range, the cal-
culation well explains the spreading behavior of the YAG
on the whole.
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Here, the viscosity of the YAG in the undercooled
region is empirically reported as 101.5 Pa s at �1600 K by
the fiber-pulling experiment [17] and is known to be fragile,
in comparison to the typical strong melt of SiO2 [18].
Moreover, the glass transition temperature (Tg) is reported
as 1154 K [19]. Therefore, the temperature dependence on
viscosity was expressed by following the Vogel–Tam-
mann–Fulcher equation, assuming that the viscosities at
Tg, 1600 K and TM are 1012, 101.5 and 0.048 Pa s,
respectively:

g ¼ 1:7� 10�6 � exp
14; 500

T � 800

� �
Pa s: ð8Þ

Eq. (8) is plotted by solid squares in Fig. 6b. The extrapo-
lation of Eq. (4) to the undercooled region is also plotted
by solid triangles in Fig. 6b. It is evident that the viscosity
in Eq. (8) increases more rapidly with decreasing undercoo-
lings than it does in Eq. (4). The maximum spreading fac-
tor was again calculated by combining Eq. (8) with Eq. (3)
and then plotted by solid squares in Fig. 6a. No agreement
between the experimental results (solid circles) and the cal-
culation (solid squares) was found for the whole tempera-
ture range. The spreading factor of DMAX/d < 1, which
cannot be defined, indicates that Eq. (3) is not applicable
to the case of Re < �10. This result suggests that the vis-
cosity of the YAG at the undercooled region is consider-
ably low even at 1400 K, and then increases rapidly to
1012 Pa s at Tg. This is consistent with the monotonic in-
crease in growth velocity as a function of undercoolings
[11] because the suppression of the atomic diffusion by in-
crease in viscosity should result in decrease in the growth
velocity.

The rebound of the droplets was observed until
�1550 K for the substrate at room temperature. Using
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the energy conservation law, Mao et al. have derived the
critical energy for the rebound as a function of the maxi-
mum spreading factor and the static contact angle [20]. It
is difficult to measure the static contact angle of an under-
cooled droplet. Therefore, the relationship between the
energy conservation in the system and undercooling is dis-
cussed by experimentally determining the total energies
both before impact and at the rebound. The total energy
before the impact can be given as Ein

Total ¼ Ein
K þ Ein

S where
Ein

K is the kinetic energy before impact and Ein
S is the surface

energy of the droplet. The droplet spread into a thin disk
with the lapse of time, kinetic energy reduced to zero at
the maximum spread diameter due to both the viscosity
dissipation and increase in the surface energy for enlarged
surface area. Finally, a rebound takes place if the stored
surface energy is greater than the viscosity dissipation dur-
ing the recoil. Fig. 7a shows a schematic of the droplet
impact, spread, rebound and second impact. Here, the
droplet is largely stretched at the stage of the maximum
recoil and vibrates once it bounces off, as shown in
Fig. 2b. It is difficult to evaluate the vibration energy.
Therefore, it was assumed that the shape of the droplet is
a sphere just at the bounce (i.e. Ein

S ¼ Eout
S ) and that the

upward velocity is the same as the downward velocity at
the second impact.

Fig. 7b shows a semi-experimental map for contributed
energies as a function of the initial droplet temperature. Ein

K

and Eout
K were calculated using the velocities determined by

the sequential HSV images of the first and second impacts,
while ES was calculated using Eq. (5). ED is viscosity dissi-
pation during spreading and recoiling. At temperatures
above 2000 K, the detachment of a small droplet occurred
as shown in Fig. 2a, which precludes accurately calculating
the kinetic energy at the second impact accurately. Ein

K is
constant because of the constant freefall distance of
15 cm, while Eout

K decreased with increasing undercoolings
Fig. 7. (a) Schematic of droplet impact, spread, rebound and second impact. (
droplet temperature.
due to the viscosity dissipation and finally become zero at
�1600 K. When the Froude number (Fr = v/(dg)1/2, g is
gravity) is calculated as a function of the initial droplet
temperature, Fr becomes unity at �1600 K, indicating that
the upward and downward velocities balanced each other
at this temperature. It is noted that the downward velocity
at the second impact was used in Fr, although Megaridis
et al. used the downward velocity at the first impact in Fr

to discuss the rebound behavior [21].
Finally, the surface energy and viscosity contributions

to the decrease in the maximum spread factor and to the
disappearance of the rebound with increasing undercoo-
lings are considered. The disappearance of the rebound
indicates that the stored surface energy was completely
consumed by the viscosity dissipation just at the complete
recoil. Re decreased from �500 to �20 with a temperature
decrease from 2500 K to 1200 K, while the change of We

was negligible, �38. These results suggest that the main
factor to controlling the system changed from surface
energy to viscosity dissipation. Delplanque and Rangel
also discussed this behavior wherein the energy contribu-
tion history was calculated with the lapse of time (see
Fig. 6 [22]) and showed the transition from surface energy
control to viscosity dissipation control, as depending on Re

and We.
5. Conclusions

The combination of the separative ADL and the HSV
elucidated the influence of undercoolings on the spreading
and solidification for the YAG. The maximum spread fac-
tor decreased and the rebound disappeared with increasing
undercoolings. The analysis based on the energy conserva-
tion law suggests that the main factor to control the system
changed from surface energy to viscosity dissipation.
b) Semi-experimental map for contributed energies as a function of initial
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