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Effect of Substrate Temperature
and Ambient Pressure on Heat Transfer
at Interface Between Molten Droplet
and Substrate Surface
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Millimeter-sized molten Cu droplets were deposited on AISI304 substrate surface by free falling
experiment. The roles of substrate temperature and ambient pressure on heat transfer at interface
between molten droplet and substrate surface were systematically investigated. The splat characteristics
were evaluated in detail. Temperature history of molten droplet was measured at splat-substrate inter-
face. Cooling rate of the flattening droplet was calculated as well. Furthermore, the spreading behavior of
molten droplet on substrate surface was captured by high speed camera. The heat transfer from splat to
substrate was enhanced both by substrate heating and by ambient pressure reduction, which can be
attributed to the good contact at splat bottom surface. The splats in free falling experiment showed
similar changing tendency as thermal-sprayed particles. Consequently, substrate temperature and
ambient pressure have an equivalent effect to contact condition at interface between droplet and
substrate surface. Substrate heating and pressure reduction may enhance the wetting during splat

flattening, and then affect the flattening and solidification behavior of the molten droplet.

Keywords ambient pressure, contact, free falling, heat
transfer, substrate temperature, wetting

1. Introduction

Coating is a covering that is applied to the surface of an
object, usually referred to as the substrate. In many cases,
coatings are applied to improve surface properties of
the substrate, such as appearance, adhesion, wettability,
corrosion resistance, wear resistance, and scratch resis-
tance. In other cases, in particular in printing processes
and semiconductor device fabrication, the coating forms
an essential part of the finished product. Thermal spraying
is a process that can provide thick coatings over a large
area at high deposition rate as compared to other coating
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processes. Up to now, this technique is widely used in
many industrial applications: mechanics, aeronautics,
aerospace, chemistry and oil, electronic, military, auto-
motive, medical, marine, and mining, and their develop-
ment has continuously increased over the last decade
(Ref 1-3). It is, however, pointed out that the controlla-
bility or reliability of the process has not been established
yet until today. As the flattening of an individual thermal-
sprayed particle on the substrate is a fundamental process
for the coating formation, coating microstructure, and
corresponding properties, such as porosity and adhesion
strength, depend strongly on the flattening nature of each
splat (Ref 4). In order to establish the process controlla-
bility, it is necessary to study in detail the basic process of
flattening behavior of the sprayed particles, not only for
scientific interest, but also as technical consequences.

A transition phenomenon in the flattening behavior of
the thermal-sprayed particles on the flat substrate surface
was introduced by the authors (Ref 5, 6), which reported
that when the substrate temperature is increased, the splat
shapes of most materials sprayed onto flat substrates
undergoes a transition from a distorted shape with splash
to a disk one. It is quite interesting and practically
meaningful, because the adhesion strength of the coating
changed transitionally with the substrate temperature
increasing, and its dependence on the substrate tem-
perature corresponded well to that of the splat pattern
(Ref 4, 7). Moreover, existence of a similar transition
phenomenon in the flattening behavior of the thermal-
sprayed particles on the flat substrate surface was intro-
duced recently (Ref 8-11), i.e., the transition occurs by
reducing the ambient pressure in deposition chamber.
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In general, there are so many relating factors in the
splat formation process which has been extensively
investigated by theoretical (Ref 12, 13), numerical simu-
lation (Ref 14-16), and experimental methods (Ref 17-20)
in the last few decades. Moreover, the Sommerfeld num-
ber K based on the study of water and ethanol droplet, has
been often mentioned recently (Ref 21, 22), which is
described in Eq 1

K = We!/?Re!'/* (Eq 1)

where We and Re are Weber number and Reynolds
number, respectively. If K < 3, splat rebounds; while
3 < K < 57.7, it results in deposition; and, if K > 57.7, it
induces splashing. However, for thermal spraying condi-
tions involved in particle solidification, these critical
values seem not applicable. Significant splashing occurred
even the K is smaller than the critical value of 57.7 when
alumina particles were thermally sprayed onto the stain-
less steel substrate (Ref 23). While in Li’s study, nearly all
the plasma-sprayed particles yield a K from several hun-
dreds to thousands, which is quite higher than the critical
value, but the splats deposited by those particles on pre-
heated substrate always displayed a disk-shape without
any splashing (Ref 24). These results indicated that the
model is not enough to clarify the splat formation process
of the thermal-sprayed particles.

Shortly speaking, the splat formation process of the
thermal-sprayed particles is not fully understood yet, we
still cannot answer why or how does disk-shaped splat
appear, and what is the essential of the flattening prob-
lem? Therefore, there is a need for a detail study of this
aspect. However, thermal spraying is a complex and short-
period process, it is difficult to clarify the flattening
behavior of the thermal-sprayed particles directly with
current technology. Therefore, a free falling experiment
was carried out as a model of the thermal spray process,
using both experiments and numerical simulation (Ref 25-31).
The relating factors, such as, thermal contact resistance
and the droplet velocity at impact were investigated
carefully. According to their study, the thermal contact
resistance is determined by the area of contact between
the molten droplet and the rough solid substrate (Ref 28).
Furthermore, the number of fingers formed around the
droplet increased with impact velocity (Ref 28, 31).
However, low melting point droplet materials were used

Table 1 Physical properties of Cu droplet

é

in their study (Ref 28-31), these materials may not
applicable for the practical usage of the thermal spraying
process.

In this study, the flattening and solidification behavior
of the free falling Cu droplet onto AISI304 substrate were
systematically investigated by controlling substrate tem-
perature and ambient pressure in deposition chamber,
respectively. This article focuses, in particular, on the heat
transfer at interface between molten droplet and substrate
surface. In addition, the characteristics of the individual
splat were evaluated precisely.

2. Experimental Procedures

2.1 Raw Materials and Free Falling Apparatus

Millimeter-sized molten Cu droplets were deposited on
AISI304 substrate surface by free falling experiment.
Commercially available Cu wire with a diameter of 2 mm
(99.9% pure) was used as droplet material; the physical
properties of Cu droplet are summarized in Table 1. All
the values were measured at the melting temperature of
Cu droplet, except the thermal conductivity (Ref 32).
AISI304 plate with dimensions of 30 x 30 x 5 mm was
used as substrate, the chemical compositions of AISI304
substrate are presented in Table 2. Substrate surface was
finally polished with No. 2000 sandpaper prior to the
experiment. A part of the substrates were heated in air by
the experiment heater and kept at a given temperature
measured by a K-type thermocouple. The surface rough-
ness of the AISI304 substrate was 22.8 nm measured using
atomic force microscope (AFM) (SPM-9500J3, Shimadzu
Co., Ltd. Tokyo, Japan) covering an area of 100 pm?, no
significant surface roughness and topography change
along with the substrate temperature even heated up to
573 K.

The free falling apparatus is shown in Fig. 1. Droplet
was heated and melted by radio-frequency heating
equipment (RWN-1-20, Nihon Koshuha Co., Ltd.,
Kanagawa, Japan) prior to the falling. The substrate
temperature was varied between 298 K (referred to as
“room temperature” in this article) and 573 K, while
ambient pressure was varied between 101.3 kPa (referred
to as “atmospheric pressure” in this article) and 6.7 kPa,
and the falling distance is 1000 mm. The droplet velocity

Dengity, s Viscosit;/, Conductivity, Heat c-ﬂ)acitz,l Melting point, Latent heat, Surface tension,
x10” kg/m mNs/m W/m * k Jemol™" * K K Jig mN/m

8.00 4.0 401 24.44 1356 209.28 1285
Table 2 Chemical compositions of AISI304 substrate (wt.%)

Alloy C Si Mn P S Ni Cr Bal.
SUS304 <0.08 <1.00 <2.00 <0.045 <0.03 8.00-10.50 18.00-20.00 Fe
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Fig. 1 Schematic of free falling experimental apparatus

Table 3 Dimensionless parameters of free falling
droplet and thermal-sprayed particle

Free falling droplet Thermal-sprayed particle

Re number 2.39 x 10* 2.13 x 10*
Pe number 8.18 x 107 727 x 107>
We number 278 8406

at impact was measured using laser sensor (LV-H300,
Keyence, Co., Ltd., Osaka, Japan), it was 4.2 m/s in this
study. Reynolds, Peclet, and Weber numbers (Ref 33-35)
for both free falling droplets and thermal-sprayed particles
are summarized in Table 3. Therefore, the experimental
conditions were determined as equivalent Reynolds and
Peclet numbers as practical thermal spray process, despite
the different impact velocity and diameter of the droplets.
All the free falling experiments were conducted in an ar-
gon atmosphere to eliminate oxidation.

2.2 Raw Materials and Thermal
Spraying Apparatus

Commercially available Cu powders with a diameter of
75 pm or less (Kojundo Chemical Lab. Co., Ltd., Japan.)
were thermally sprayed onto AISI304 substrates surface.
The plates with dimensions of 20 x 20 x 6 mm were fi-
nally polished with 0.3 um Al,O5 buff prior to spraying.
Spraying work was conducted using low-pressure plasma
spraying (LPPS), a SG-100 plasma torch (Praxair Surface
Technologies, Indianapolis, IN, USA) was used. During
deposition, the substrate surface was held vertically and
spray gun was held horizontally so that the direction of
droplet stream was perpendicular to the substrate surface.

50—Volume 20(1-2) January 2011

Data logger
; (PC)

Ceramics cement

/ AD converter
Thermo couples (¢ 0.3mm)

Fig. 2 Schematic of temperature data logging system

Splats were collected on the substrate by moving the
shutter rapidly in one direction. Ambient pressure was set
the same as free falling experiment, the spraying method
in detail can be referred in our previous report (Ref 6, 8).

2.3 Evaluation Methods

Thermal history of the droplet on the substrate was
measured in this study; the temperature sensor was set up
on the substrate as shown in Fig. 2. A hole with a diameter
of 1 mm was drilled at the center of substrate, J-type
thermocouple (Okazaki Manufacturing Company, Kobe,
Japan) with a diameter of 0.3 mm was inserted through
this hole. A small amount of ceramic cement (Sumiseramu
S-10A, Asahi Chemical Industry Co., Ltd., Wakayama,
Japan) was forced into the hole, which also acted as an
electrical insulator between the thermocouple and the
substrate. The thermo electromotive force was converted
to digital signal and recorded by data logging system (NI
PCI6251, National Instruments Japan Corporation,
Tokyo, Japan), and the temperature response time was
less than 1 ms. Heichal et al. (Ref 26, 36) have given
further details a similar method of measuring the tem-
perature at interface of substrate-droplet in their study.

The splat top surface was observed using optical
microscope (OM) (Eclipse LV100D, Nikon Co., Ltd.,
Tokyo, Japan). Tensile test was conducted to evaluate the
adhesion strength of the individual splat on substrate. Jig
(d=8 mm) was bonded on the splat surface and tensile
test was carried out by tensile tester (KS-501H, Attonic
Co., Ltd., Aichi, Japan). Following this, splat bottom
surface morphologies were captured by scanning electron
microscope (SEM) (JSM-6390TY, Jeol Datum Ltd.,
Tokyo, Japan). ImageJ imaging software (National Insti-
tutes of Health, Washington, DC, USA) was employed to
quantify pore size and distribution on the bottom surface
of the splats. Degree of porosity was defined as pore area
divided by total measurement area, the measuring method
can be referred in the previous report (Ref 8, 37). While
the periphery outline of the splat was captured by opti-
cal microscope. The circularity ratio of the splat was
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calculated by ImageJ imaging software. The circularity
ratio was defined in Eq 2

4.1-8
De==7

where S and L are the surface area (m?) and circumfer-
ential length (m), respectively. The circularity ratio D¢
will be greater than 0 and less than or equal to 1. A long,
thin shape has a circularity that approaches 0 and a circle
has a circularity of 1.

For precisely observation of the flattening process of
the droplet on the flat substrate, the spreading behavior of
the molten droplet on substrate surface was captured by
high speed camera (FASTCAM-ultima, Photron Co., Ltd.,
Tokyo, Japan). In order to observe the droplet impinging
instant motion and capture the splat flattening behavior
clearly, the frame grabber rate was set as 13,500 fps.

The morphologies of thermal spraying depositions in
detail were observed using scanning electron microscope
as well.

(Eq 2)

3. Results and Discussion

3.1 Splat Characteristics

Splat top surface morphologies of Cu droplets on
AISI304 substrate obtained under designated conditions
are shown in Fig. 3. From the figure, the splat collected on
the substrate with room temperature under atmospheric
pressure was a splash, and the splash fingers always con-
nected with the center solidification area, whereas the
splat morphology changes from splash-shape to a disk one
with increasing substrate temperature, while the ambient

-.<

pressure was kept at atmospheric pressure. The final
diameter of the disk-shaped splat was smaller than the
splash splat. Moreover, similar transition tendency was
observed by reducing the ambient pressure in deposi-
tion chamber, while the substrate was kept at room
temperature.

Figure 4 shows the splat bottom surface morphologies
experimented at various substrate temperatures under
atmospheric pressure. Splat center part is located in left
side and rim part is shown in right side in the figure.
Figure 4(a) shows the bottom surface of the splat collected
on the substrate at room temperature. The pore distribu-
tion was different between center area and peripheral part
of bottom surface. In the central area with 500 pm diam-
eter, small independent pores can be observed and with
metal flowing structure. On the other hand, metal flowing
with elongated pore structure can be observed in outer
part. It can be estimated that center area of the splat was
formed under a higher impact pressure impingement
condition compared with other part. Li et al. (Ref 38)
proposed that the impact pressure can be very high and
concentrates at a small contacting area and then spreads
quickly with droplet flattening. The maximum pressure is
located at the front of the droplet at an early stage of
deformation, which drives the fluid moving quickly along
substrate and results in lateral flow. This dynamic impact
pressure spreads out and dissipates quickly with droplet
flattening, the peak pressure reduces monotonically with
flattening, and becomes negligible at the region where
the flattening degree is larger than 2. Meanwhile, pore
basically inhibits the heat transfer, because contact area of
splat and substrate is decreased by the existence of pore at
the interface. It is apparent from the figure that the pore
density gradually decreases with increasing substrate
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Fig. 3 Dependence of splat morphologies on substrate temperature and ambient pressure in deposition chamber (the chamber pressure
was kept at atmospheric pressure when varied the substrate temperature, while no substrate heating was conducted when varied the

ambient pressure)
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Fig. 4 Splat bottom surface morphologies by controlling
substrate temperature

temperature. Splat on the substrate kept at 523 K as
shown in Fig. 4(c), almost no pore can be observed from
the bottom surface view, and the solidification structure
looks quite homogeneous, because substrate heating
cleans the adsorption of contaminants, such as water vapor
on the substrate surface, and decreases the ability of a
surface to adsorb ambient vapors as proposed by
McDonald et al. (Ref 19) in their study. The result indi-
cates that the substrate heating improves the contact
condition between splat and substrate and resultant better
heat transfer can be given by the substrate heating.

The splat bottom surface morphologies experimented
under various ambient pressures in deposition chamber
are shown in Fig. 5, all the substrates were unheated. It is
found that the pores gradually decrease with the decrease
of ambient pressure. However, this tendency can be found
only at central part of the splat, but pores still exist at
peripheral part even the ambient pressure was lowered to
6.7 kPa as shown in Fig. 5(c). Similar dependence of splat
pores on ambient pressure for the thermal-sprayed parti-
cles has already presented by the authors (Ref 8). The
result indicates that ambient pressure affects similarly to
the heat transfer between splat and substrate as the sub-
strate temperature.

In general, when a molten droplet impacts on a pol-
ished substrate surface, the lateral flattening of the liquid
fluid along the substrate surface takes place. The dynamic
impact pressure toward the substrate surface will be gen-
erated to keep the fluid flowing along the substrate surface
(Ref 39). The impact pressure also forces adsorbed gas/
condensation trapped between the droplet and the sub-
strate to rapidly dissolve into the molten metal. The rapid
decompression to ambient pressure supersaturates the gas
dissolved in the molten metal and causes high nucleation
rates of bubbles. Solidification occurs within several

52—Volume 20(1-2) January 2011

Fig. 5 Splat bottom surface morphologies by controlling ambi-
ent pressure in deposition chamber
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Fig. 6 Dependence of splat porosity on substrate temperature
and ambient pressure in deposition chamber

microseconds, the bubbles grow somewhat and are pulled
by liquid motion before being “frozen’ into the structure.
Finally, the pores are formed (Ref 40).

The porosity was measured by ImageJ imaging soft-
ware for entire bottom surface of each splat as shown in
Fig. 6. According to the result, it was found that the sub-
strate temperature has a strong effect on splat porosity,
the porosity decrease rapidly with the increase of substrate
temperature. In other words, the absence/presence of
pores in the splat is a function of substrate temperature
(Ref 19). In particular, porosity decreased to less than
0.1% on the substrate with highest temperature of 573 K.

Journal of Thermal Spray Technology



Ambient pressure in deposition chamber also has a similar
effect on porosity decrease, but the changing is not so
remarkable. In this case, porosity definitely decreased to
around 2% at 6.7 kPa.

Actually, most metal surfaces exposed to air atmo-
sphere will be oxidized to cover a thin oxide film with a
thickness over several nanometers. The adsorption to a
metal surface will occur usually through the oxide film of
the metal at atmospheric pressure. However, McDonald
et al. (Ref 19) reported that even by substrate preheating,
the oxide film thickness is too low for the effect of thermal
contact resistance to be significant. Tran and Hyland
(Ref 41) also proposed that the splat morphology was not
influenced by the thickness of the oxide layer of the sub-
strate surface by simulation method. In nature, water and
some kinds of gases may cover the substrate surface in
atmospheric condition. Especially, water molecules easy
to gather on substrate surface as condensates (Ref 39, 42).
These adsorbates and condensates may become origins to
produce the pore at splat bottom surface observed. Water
condensate evaporates from substrate surface by substrate
heating or/and ambient pressure reduction (Ref 6, 8, 20).
The fact that porosity of the splat begun to decrease sig-
nificantly at temperature of 373 K as shown in Fig. 6
implies that water desorption may be a trigger for that,
which likely to occur near 373 K in atmospheric pressure
condition.

As thermal-sprayed coating is composed of lots of
particles flattened, in other words, splat is unit cell for the
entire coating build-up, splat adhesion character is effec-
tive for evaluating the coating adhesion strength. Pershin
et al. (Ref 18) found that the coating adhesion strength
increases with increasing substrate temperature. However,
no study of the relationship between adhesion strength of
single splat and substrate temperature has been reported
yet. Therefore, the adhesion strength of individual splat on
the substrate under designated conditions was measured
in this study. Also, the circularity ratio of the individual
free falling splat was evaluated as well. The dependence of
individual splat adhesion strength and circularity ratio on
substrate temperature is summarized in Fig. 7. It was
found that the adhesion strength increases with increasing
substrate temperature, a remarkable increasing tendency
can be obtained on the substrate with higher heating
temperature, which corresponded well to that of the
coating adhesion strength. According to the figure, the
circularity ratio of the individual splat increases with
increasing substrate temperature, as well. However, the
slope of the curve is shaper at the substrate with higher
temperature than the one with lower temperature, which
indicates that the increase of circularity ratio become
significantly along with the substrate temperature.

Similarly, Fig. 8 shows the dependence of adhesion
strength and circularity ratio of the individual splat on the
ambient pressure in deposition chamber. Adhesion
strength increases with ambient pressure decrease and
circularity ratio also increases correspondingly. Both the
values have similar changing tendency by controlling the
ambient pressure, but the adhesion strength in this case is
much smaller than those of substrate temperature change.
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Fig. 8 Dependence of splat adhesion and circularity ratio on
ambient pressure in deposition chamber

The result indicates that contact conditions at bottom
surface of the splats at pressure reduced conditions are not
so improved significantly. It might be caused by different
cleaning effect of the substrate surface and different
wettability as those of the substrate temperature. How-
ever, similar changing tendency in adhesion strength and
circularity ratio was confirmed.

3.2 Evaluation of Heat Transfer Between Molten
Droplet and Substrate Surface

To clarify the effect of substrate temperature and
ambient pressure on heat transfer at interface between
molten droplet and substrate surface, splat temperature
history was measured under the designated conditions. As
thermocouple junction can be connected by molten metal
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of the splat, the temperature in splat bottom part was
recorded since droplet impinged onto substrate surface.
The slope of this splat temperature history curve, d7/dt,
was defined to be the cooling rate of the splat.

The temperature histories and corresponding cooling
rates in the splats kept at various substrate temperatures
are summarized in Fig. 9. All the measurements were
conducted at atmospheric pressure, and substrate tem-
peratures were room temperature, 423 and 523 K,
respectively. Temperature elevation was recognized at
first stage of splat impingement at all substrate heating
conditions, indicating that the temperature of outside shell
of the splat was lower than its inside. In the next stage,
splat cooling started with splat flattening. Splat tempera-
ture elevation occurred again only on the substrate kept at
523 K. This elevated temperature period can be estimated
as a plateau in the solidification. The plateau appeared at
1000 K in this case, i.e., it was slightly lower than the
melting point of the droplet material. It means that
droplet was super cooling condition when impinged onto
the substrate.

The cooling rate was calculated from the splat tem-
perature curve under the designated conditions as shown
in Fig. 9(b). According to the result, it is found that the
splat cooling rates on heated substrates were remarkably
higher than those substrates with room temperature, and
increases with substrate heating temperature, increasing

1400

at RT
1300 7-

B 1100 N ]
24 1000 . at 423K
&
900 s
| at 523K
800 L L
0 10 20 30
(a) Time [ms]

from 4.4 x 10° K/s on the substrate with room tempera-
ture to 2.1 x 10* K/s on the substrate heated up to 523 K.
Similar result has been proposed while some kinds of
micrometer-sized particles were thermally sprayed onto
flat substrate surfaces (Ref 19, 26, 43, 44). Namely, it is
opposite tendency from the theory of Newtonian cooling
(Ref 45). The measurement result indicates the heat
transfer between molten droplet and substrate is not
decided by only difference of temperature between splat
and substrate, but other factors may have a strongly effect.
The results of temperature histories and corresponding
cooling rates in the splats kept at various ambient pres-
sures in deposition chamber are shown in Fig. 10. All the
measurements were conducted on nonheated substrate,
and ambient pressure was 101.3, 40.0, and 6.7 kPa,
respectively. According to Fig. 10(b), it is found that
cooling rate in the splat increases with decrease of ambi-
ent pressure, increasing from 4.4 x 10° K/s on the sub-
strate under atmospheric pressure to 1.1 x 10* K/s on the
substrate located at an ambient pressure of 6.7 kPa.
Thus, similar tendency in ambient pressure as substrate
temperature was recognized, indicating that equivalent
effect on the heat transfer character can be given both by
substrate temperature and by ambient pressure. The cause
of the lower cooling rate on the substrate at room tem-
perature and under atmospheric pressure is probably
the adsorbates and condensates. Good contact can be
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Fig. 9 Droplet temperature history and cooling rate by controlling substrate temperature
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Fig. 10 Droplet temperature history and cooling rate by controlling ambient pressure in deposition chamber
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obtained by removing the adsorbed/gas condensation
through substrate heating or ambient pressure reduction
(Ref 8, 25, 46), thereby, the heat transfer between the
molten droplet and the substrate surface was enhanced,
corresponding with higher cooling rate, and finally affect
the splat formation.

Generally, the influence of substrate temperature on
the cooling rate, splat porosity, and adhesion strength
seems much stronger than that of ambient pressure factor.
When the substrate was heated up to the designated
temperature, desorption of the adsorbed/gas condensation
took place immediately (Ref 39, 42). Meanwhile, the
substrate surface will be oxidized to cover a thin oxide film
with a thickness over several nanometers. In particular,
the previous studies indicated that the surface roughness
of the once heated substrate tend to be remarkably bigger
than those of the substrate as polished condition, more
valleys and peaks can be observed (Ref 6, 47). Wenzel’s
law proposed that a small increase of surface roughness
would lead to a reduction of the contact angle (Ref 48). In
other words, surface roughness increase in nanoscale
promotes the wetting, Uelzen and Muller (Ref 49) also
verified the result in their study. On the other hand, as the
substrate material used in this study was stainless steel,
and the substrates were stored for appropriate periods at
room temperature in a dry condition, it is estimated that
no significant oxidation change by reducing the ambient
pressure. Therefore, no significant topography and surface
roughness change took place, only the adsorption/
desorption of the adsorbates and condensates changed by
controlling the ambient pressure. Consequently, the
influence of substrate temperature is stronger than that of

Base condition

Heat to 573K

-.<

the ambient pressure on the flattening behavior of the
molten droplet in some cases, but the tendency is quite
similar.

3.3 Flattening Process of Molten Droplet
on Substrate Surface

The flattening process of Cu droplet on AISI304 sub-
strate was observed using high speed camera as presented
in Fig. 11. According to the results, flattening behavior
was almost similar till 0.30 ms after the impingement
under the designated conditions. However, difference in
flattening degree begun to be observed from 0.44 ms, i.e.,
walled-rim structures were formed both on the substrate
heated and ambient pressure reduced conditions. It cannot
be observed on substrate located at room temperature and
atmospheric pressure, which was defined as base condition
in the figure. Moreover, walled-rim splat finished its flat-
tening at 1.04 ms and kept its shape, while splashing
occurred in the base condition at the same time. In other
words, the splash splat flattened rapidly. It was found that
the final flattening degree of the splash splat was larger
than those of the disk-shaped splat, similar result was
proposed using Ni as the droplet material (Ref 25).

These results indicate that substrate heating and pres-
sure reduction may enhance the wetting condition during
splat flattening, and then improve the contact condition at
splat/substrate interface. Therefore, substrate temperature
and ambient pressure in deposition chamber have an
equivalent effect on wetting and intimate contact at
interface between droplet and substrate surface. Even not
enough evidences of the effect of wetting, especially the

Vacuum to 6.7kPa

0 msec
(Impact)

Substrate

0.15 msec

0.30 msec

0.44 msec

1.04 msec

1.48 msec

Fig. 11 High speed camera observation of Cu droplet on AISI304 substrate under designated conditions
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dynamic wetting on the flattening can be provided with
the current technology, but there is no doubt that wetting
likely has an important role in the droplet flattening
process.

3.4 Domination in Flattening of Molten Droplet

When the molten droplet impinged onto the substrate
surface, radial flattening of the liquid metal occurs initially
and then solidification occurs. Cooling rate in splat bottom
part is undoubtedly higher than that in splat top surface,
because the heat transfer preferentially occurs at splat/
substrate interface than splat/ambient air interface.
Therefore, the solidification starts from bottom surface of
the splat. It is also indicated that free falling droplet has
enough kinetic energy for the splashing after impingement
onto substrate surface. If the splat cooling at bottom sur-
face was restrained, the inside of the droplet solidifies
slowly and the viscosity increase is small, and splat body
splashes away on the flat substrate surface.

On the other hand, by substrate heating or ambient
pressure reduction, the contact condition is good, owing to
the good wettability, hence heat transfer between flat-
tening splat and substrate was enough higher, splat solid-
ification occurs significantly at bottom surface due to the
enhanced cooling rate, and it propagates so quickly to its
surface. Such quick temperature decrease brings about the
remarkable increase of viscosity of the material. Thus, the
initial kinetic energy is consumed so effectively as viscous
energy and solidification (Ref 25). Disk-shaped splat can
be attributed essentially to good contact at splat/substrate
interface, in other words, good wetting condition.

As a confirmation of the meaning of this investigation
on thermal spraying process, Cu particles were thermally
sprayed onto mirror-polished AISI304 substrate surface at
various ambient pressures ranging from 101.3 to 6.7 kPa.
Collected splats were examined using SEM as shown in
Fig. 12. It is clearly observed that with the reduction of
ambient pressure, the splat pattern changed from the form
with splashing to the one without splashing. Splash splat
was obtained at atmospheric pressure, forming a frag-
mented splat with irregular edge, the splash splat consists
of a small central disk as well as a splash region, sur-
rounded by a ring of fragments. While the ambient pres-
sure was lowered to 40.0 kPa, only few short and smooth
splash fingers were found around the central part as well.

40.0kPa

 101.3kPa

_Sl}l-l m

While disk-shaped splat was obtained at low pressure
condition of 6.7 kPa, nearly no splash fingers exist around
the center solidification area. The shape of the splashing
itself was different from the free falling splat, however, the
splat of the thermal-sprayed particles showed similar
changing tendency as in the free falling experiment,
despite the different impact velocity and diameter of the
droplets. Also, Sampath and Herman (Ref 50) reported
that more contiguous Ni splats were formed in a reduced
pressure chamber than at atmospheric pressure.
Moreover, existence of a similar transition phenome-
non in a flattening behavior of the thermal-sprayed par-
ticles on the flat substrate surface by controlling substrate
temperature was introduced by the authors (Ref 5, 6). The
splat shape change transitionally from a splash shape to a
disk one by substrate preheating. All the results showed
similar changing tendency as free falling experiment.
Thus, investigation of the thermal spray process through
observation on individual splat behavior is meaningful.

4. Conclusions

To evaluate the effects of substrate temperature and
ambient pressure on flattening and solidification behavior
of free falling droplet, millimeter-sized molten Cu droplets
were collected on AISI304 substrate surface. The heat
transfer at interface between molten droplet and substrate
surface was systematically investigated. Furthermore, the
spreading behavior of molten droplet on substrate surface
was observed using high speed camera. The results
obtained in this study are summarized as follows:

(1) The porosity at splat bottom surface decreased
remarkably with increasing substrate temperature and
reducing ambient pressure. Consequently, substrate
temperature and ambient pressure have equivalent
effect on contact condition at interface between
droplet and substrate surface. The wetting of substrate
surface by molten droplet during splat flattening may
be enhanced by substrate heating and pressure
reduction.

(2) Due to the improved droplet-substrate contact, the
heat transfer should be enhanced, followed by the

Fig. 12 Top morphologies of Cu particles thermally sprayed onto AISI304 substrate by controlling ambient pressure in deposition

chamber
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improved cooling rate. If heat transfer between flat-
tening splat and substrate was enough higher, splat
solidification occurs significantly at bottom surface,
and it propagates so quickly to its surface. Such quick
temperature decrease brings about the remarkable
increase of viscosity of the droplet. Thus, the initial
kinetic energy is consumed so effectively as viscous
energy and solidification. Therefore, disk-shaped splat
can be attributed essentially to good contact at splat/
substrate interface, in other words, good wetting at
interface. On the contrary, splash splat formed.

(3) The adhesion strength and circularity ratio of the
individual splat were enhanced by both substrate
heating and reducing the ambient pressure, its depen-
dence on the substrate temperature and ambient
pressure corresponded well to that of the splat shape.

(4) The shapes of splats in free falling experiment showed
similar changing tendency as thermal-sprayed parti-
cles. Thus, investigation of the flattening behavior of
individual splat on flat substrate surface is significantly
meaningful for the practical usage of the thermal
spray process.
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