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Effect of Interface Wetting on
Flattening of Freely Fallen Metal
Droplet onto Flat Substrate Surface

Masahiro Fukumoto, Eiji Nishioka, and Toshikazu Matsubara

Py
o
1)
]
)
S.
S
)
Q

(Submitted 24 October 2000)

A free-falling experiment was conducted as a simulation of a thermal spray process. The flattening behavior
of the freely fallen metal droplet impinged onto a flat substrate surface was investigated in a fundamental
way. The substrates were kept at various temperatures, and the substrates were coated with gold by physical
vapor deposition (PVD) and were prepared in order to investigate the effect of wetting at the splat-substrate
interface on the flattening behavior of the droplet. A falling atmosphere was created with atmospheric pres-
sure of nitrogen to prevent the oxidation of the melted droplet. Experiments under low-pressure conditions
also were conducted. The different types of splat morphology were recognized in experiments conducted
under a nitrogen atmosphere with atmospheric pressure. The splat morphology on a substrate at room
temperature was of the splash type, whereas that on a substrate at high temperature was of the disk type. The
microstructure observed on a cross-section of the splat obtained on the substrate at room temperature was
an isotropic coarse grain, whereas that on the substrate at high temperature was a fine columnar grain. The
grain size changed transitionally with increasing substrate temperature. The temperature of the transition
on the gold-coated substrate was higher than that on the naked substrate. The microstructure of the cross-
section of the splat obtained under low pressure was finely columnar even on the substrate at room tempera-
ture. The results indicate that the metal droplet wets better under the low-pressure condition than under
the atmospheric pressure nitrogen condition and that wetting has a significant role in the flattening of the
droplet.
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2. Experimental

1. Introduction

Figure 1 shows the experimental apparatus used in this study.
Results of a previous study') have shown that the splat morphol-
ogy depends on the spraying materials. Commercially available
pure copper wires (optical density, 2 mm; >99.9% purity) were
used to create the droplets. These wires were heated and melted
by a radiofrequency heater (RWN-1-20, Nihon Koshuha Co,
Ltd). Because the droplet starts falling when the equivalent vol-
ume of wire is completely melted by heating, the temperature of
the droplet can be estimated by its melting point. The velocity of
the droplet just before the collision with the substrate surface can
be easily determined by adjusting the falling distance, that is, the
height of the heating electrode from the substrate level. The mir-
ror-polished AISI304 stainless steel substrates were heated and
kept at various designated temperatures, and the temperature
was measured by a K-type thermocouple. In order to change the
material property of the substrate surface and to examine the

Our previous studies on the flattening behavior of the particle
thermally sprayed onto the flat substrate have shown that as the
substrate temperature increases, the splat morphology changes
from a splash type to a disk type.!'! Hence, the substrate tem-
perature is one of the dominating factors in the flattening of a
sprayed particle. It is, however, difficult to clarify the effect of
other factors on the flattening and solidification behavior of the
particle because they are hard to separate in a complex spraying
process. In order to examine the transition phenomenon of the
splat morphology, we conducted an investigation with a simu-
lation of the thermal spraying. Free-falling experiments*>! have
received more attention because the relating factors can be con-
trolled easily.

In this study, the free-falling experiments, in which the metal
droplet fell freely and impinged on the flat substrate, were con-
ducted as a simulation and a simplification of the thermal spray

process. The effect of wetting on the flattening behavior of the Nomenclature
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Fig.1 Schematic drawing of the experimental setup

effect of wetting at various splat-substrate interface conditions, a
thin gold layer was coated onto the substrates by physical vapor
deposition (PVD). The flattening behavior on the coated sub-
strate was compared with those on the naked substrate. The ex-
periments were performed both in the atmospheric pressure ni-
trogen (107 kPa) and a low-pressure (1 kPa) condition. For a
microstructure observation, the cross-section of the splat was
etched with a mixture of 10 ml HNO; (1.4 N) and 70 m] metha-
nol (96% pure).

3. Results and Discussion

3.1 Cross-Section Microstructures of the Splats

Figure 2 shows the representative splat morphology on the
stainless steel substrate. The splat morphology on the substrate
at room temperature was of the splash type, whereas that on the
substrate at high temperature was the disk type. The substrate
temperature at which the splat morphology changes transition-
ally from splash to disk was defined in our previous study!'! as
the transition temperature (7).

In order to investigate the cooling behavior in the splat, the
cross-section microstructures of the splats were observed and
are shown in Fig. 3. The microstructure of the cross-section of
the splat obtained on the substrate at room temperature (Fig. 3a)
was an isotropic coarse grain, whereas that on the substrate at
high temperature (Fig. 3b) was a fine columnar grain. The mean
grain size of the splat obtained on the substrate at room tempera-
ture is obviously larger than that on the substrate at high tem-
perature. In order to examine the relationship between the mi-
crostructure and the substrate temperature in more detail, the
grain size was measured as the width of the column on the cross-
section of the splat. The grain size was measured randomly for a
total of 20 points on the cross-section of the splat, and the mean
value was calculated from the data obtained. The results are
shown in Fig. 4(a). As the substrate temperature increased, the
grain size decreased transitionally, and the splat morphology
changed correspondingly.
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Fig.2 Observation results of splat morphology. (a) 7, =300 K; and (b)
T,=600 K

Fig. 3 Observation results of a cross-section of the microstructure of
splats. (a) T, = 300 K; and (b) 7, = 600 K

In general, the relation between the grain size, L, and a so-
lidification rate, S, is represented as LS = constant.[! In this
case, the grain size, that is, the width of the column, seems to be
a representative value for its microstructure. By substituting the
measurement results of the grain size into the relation, it was

Journal of Thermal Spray Technology



30 L] T

A A Splash-splat
O @ Disk-splat

!

(b)

=2 f

§ Physical
QE) effect

w2

.E (a)\ T

: A

S 10} (d)

Chemical 1

- --H- -

©)
300 400 500 600 700

Substrate temperature (K)

Fig. 4 Grain size in a cross-section of the splat obtained in different
ambient pressures: (a) on stainless steel in atmospheric pressure; (b) on
gold-coated stainless steel in atmospheric pressure; (¢) on stainless steel
under low pressure; and (d) on gold-coated stainless steel under low-
pressure

found that the solidification rate inside of the splat obtained on
the substrate at room temperature was considerably lower than
that on the substrate at high temperature. According to Newton‘s
law of cooling, the larger the temperature difference between the
droplet and the substrate is, the more rapidly the splat is cooled
and the smaller the grain size. The measurement result, however,
showed an opposite tendency to Newton’s law of cooling.

3.2 Bottom Surface Microstructures of the Splats

Bianchi et al.l” showed that the microstructure of the splat
depends on a thermal contact resistance at the splat-substrate
interface. The bottom surface microstructure of the splat, which
affects thermal contact resistance, was observed and is shown in
Fig. 5(a). The bottom surface microstructure of the splat was
observed by peeling off the splat from the substrate surface by
using appropriate adhesives. The bottom surface microstructure
of the splat obtained on the substrate at room temperature was
porous, as is shown in Fig. 5(a-1). This porous microstructure
increases the nominal thermal contact resistance by decreasing
the practical contact area with the substrate and results in a poor
heat transfer. In this case, the splat solidifies slowly and the grain
becomes large.

On the other hand, the bottom surface microstructure on the
substrate at high temperature was dense, as shown in Fig. 5(a-2).
This dense microstructure decreases the nominal thermal con-
tact resistance by increasing the practical contact area with the
substrate and results in a good heat transfer. In this case, the splat
solidifies rapidly and the grain becomes fine. It was found that
the bottom surface microstructure, in other words, a contact con-
dition at splat-substrate interface, was affected by the substrate
temperature.
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3.3 Effects of the Material Combination and
Substrate Temperature on the Flattening
Behavior of the Droplet

It is obvious that the contact property at the interface strongly
depends on the wetting of the liquid metal to the solid substrate.
The flattening phenomenon of the liquid droplet on the substrate
is regarded not as a static wetting but as a dynamic wetting. Dy-
namic wetting is determined by two kinds of characters. One
results from a material combination between the splat and the
substrate, and another results from the temperature field of the
substrate itself. Here, the former is defined as the chemical char-
acter of wetting, and the latter is defined as the physical charac-
ter. Each character of wetting in the flattening behavior of the
droplet was investigated. If the stainless steel substrate is heated,
iron and chromium oxides are formed preferentially on the top
surface of the substrate. Therefore, the wetting condition on the
naked stainless steel substrate involves the changes of both char-
acters simultaneously. On the other hand, only the physical char-
acter will change in the wetting condition on the gold-coated
substrate, because the gold is stable and will not form any ox-
ides, even at high temperatures. The splat obtained on the gold-
coated substrate represents the physical character of wetting.
The chemical character of wetting can be estimated by compar-
ing the results of the splats obtained on the naked substrate and
of those obtained on the gold-coated substrate at the same sub-
strate temperatures.

First, the physical character of wetting was examined. The
grain size of the splat obtained on the gold-coated substrate was
observed and is shown in Fig. 4(b). From a comparison of the
grain size on the substrate at room temperature with that on some
high-temperature substrate, one can see that the grain size de-
creases gradually with increasing substrate temperature. This
change seems to be caused by the promotion of the physical wet-
ting. The bottom surface microstructure of the splat obtained on
the gold-coated substrate is shown in Fig. 5(b). The microstruc-
ture of the splat obtained on the substrate at room temperature
was porous, as is shown in Fig. 5(b-1). This microstructure is
almost similar to that obtained on the naked substrate. The mi-
crostructure of the splat obtained on the substrate at high tem-
perature was also porous, as is shown in Fig. 5(b-2).

Next, the chemical character of wetting was examined. From
the comparison between the grain size of the splat obtained on
the naked substrate and that obtained on the gold-coated sub-
strate, the difference in grain size increases remarkably with in-
creasing substrate temperature, as is shown in Fig. 4(a) and (b).
The transition temperature on the gold-coated substrate is
slightly higher than that on the naked substrate. This fact indi-
cates that the molten copper contains some oxygen and that the
gold coating on the substrate makes the wetting poor. Moreover,
further promotion of wetting was caused by the chemical char-
acter of the naked substrate. Therefore, the drastic change of the
grain size on the naked substrate with the increasing substrate
temperature seems to be due to the promotion of wetting both in
chemical and physical ways.

3.4 Effect of Ambient Pressure on the Flattening
Behavior of the Droplet

The flattening phenomenon of the liquid droplet on the sub-
strate is regarded as dynamic wetting. Therefore, it is believed
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Fig.5 Observation results of the bottom surface microstructure of splats

that wetting can be affected physically by the existence of a sur-
rounding gas at the interface. That is, as a possible reason for the
formation of the porous microstructure in the bottom surface of
the splat, a physical intake of an ambient gas to the splat-
substrate interface during the flattening is expected. The effect
of the intake of the ambient gas on the flattening behavior of the
droplet was investigated. In order to examine the intake behavior
of the ambient gas, the splats were collected under the low-
pressure condition. Under the low-pressure condition, the
amount of the ambient gas is small. The grain size in the cross-
section microstructures of the splats obtained under the various
substrates temperatures were measured and are shown in Fig.
4(c) and (d).

Under the low-pressure condition, the grain size is remark-
ably smaller than that in the atmospheric pressure nitrogen con-
dition and does not show a considerable change in size, regard-
less of the substrate temperature. The bottom surface
microstructures of the splats under the low-pressure condition
also were observed and are shown in Fig. 5(c) and (d). From
these figures, the bottom surface microstructures are quite
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A P.:Ambient pressure, T:Substrate temperature

dense, regardless of the substrate temperature, and under the
low-pressure condition, the microstructure of the bottom surface
on the gold-coated substrate was almost similar to that on the
naked substrate. This means that intimate contact between the
splat and the substrate can be established under the low-pressure
condition. Moreover, these results indicate that the ambient gas
has a physical restraining effect on wetting by introducing the
pores at the interface, and the ambient pressure seems to affect
the cooling behavior of the splat through the promotion of wet-
ting.

Consequently, the effect of the ambient pressure on wetting
is remarkably stronger than the effects of the material combina-
tion and/or the substrate temperature change.

3.5 Relationship Between Wetting and Flattening
of the Droplet

By accumulating the essential aspects of our research in a
series of articles,!'*! the relationship between wetting and the
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Fig. 6 Relationship between wettability and the microstructure of the splat

flattening of the droplet has been summarized. Figure 6 shows a
summary of the relationships among the ambient pressure, the
surface material on the substrate, the microstructure in the splat,
the grain size, and the transition temperature. In the case of the
splat on the gold-coated substrate in atmospheric pressure nitro-
gen, as is shown in Fig. 6(1), the bottom part of the splat solidi-
fies rapidly after impacting onto the substrate, and the porous
microstructure is formed. This microstructure decreases the
ability of the heat to transfer to the substrate. Then, the inside of
the splat solidifies slowly, and the viscosity, which depends a
great deal on the droplet temperature, does not increase so
much.[* Therefore, the droplet flattens rapidly at low viscosity.
Rayleigh-Taylor instability!™ describes the unstable phenom-
enon occurring at the boundary between two fluids with differ-
ent densities. The more rapidly the droplet flattens, the shorter
the wavelength of the splat periphery is and the more complex
the splat shape is. According to this instability, in this case the
splash splat forms. The flattening behavior of the droplet on the
substrate at room temperature in atmospheric pressure nitrogen,
as is shown in Fig. 6(2), is almost similar to that mentioned
above.

On the other hand, in the case of the splats both on the sub-
strate at high temperature in atmospheric pressure nitrogen con-
dition, as is shown in Fig. 6(2), and under the low-pressure con-
ditions, as is shown in Fig. 6(3) and (4), the contact condition is
good due to good wettability, and the formation of the porous
microstructure is suppressed. Consequently, the inside of the
splat solidifies quickly. In these cases, the viscosity of the drop-
let increases and most of the kinetic energy transfers to the vis-
cous energy efficiently. So, the droplet flattens at lower velocity,
and the formation of the disk splat results.
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From the facts described above, we may conclude that a
strong relationship between wetting and the cooling behavior of
the splat has been recognized and that wetting has a significant
role in the flattening of the droplet.

4. Conclusions

*  The mean grain size of the splat obtained on the substrate at
room temperature was larger than that on the substrate at
high temperature. The solidification rate inside of the splat
on the substrate at high temperature was higher than that on
the substrate at room temperature.

»  The contact condition at the splat/substrate interface is af-
fected by the substrate temperature.

*  The drastic change in the grain size on the naked substrate
with the substrate temperature increasing seems to be due to
the promotion of wetting in both chemical and physical
ways.

*  The intimate contact between the splat and the substrate can
be established under the low-pressure condition, and the
ambient gas has a physical restraining effect on wetting by
introducing the pore at the interface.

*  The effect of the ambient pressure on wetting is stronger
than the effects of the material combination and/or the sub-
strate temperature change.

»  The strong relationship between wetting and the cooling
behavior of the splat has been recognized, as has the fact
that wetting has a significant role in the flattening of the
droplet.

Volume 11(1) March 2002—73

Y
o
]
Y
S,
S
o
Q




g
2
g
3
o
L.
3
Q

Acknowledgment

This research was supported partly by the Grant-in-Aid for
Scientific Research of the Ministry of Education, Science, Cul-
ture, and Sports in Japan (No. 10650707).

References

1. M. Fukumoto, S. Katoh, and I. Okane: “Splat Behavior of Plasma
Sprayed Particles on Flat Substrate Surface,” in Thermal Spraying: Cur-
rent Status and Future Trends, Proceedings of 14th ITSC, A. Ohmori,
ed., High Temperature Society of Japan, Tokyo, Japan, 1995, I, pp.
353-58.

2. Y. Huang, M. Ohwatari, and M. Fukumoto: “Effect of Substrate Mate-
rial on Flattening Behavior of Plasma Sprayed Ni Particles: The Role of
Welding Science and Technology in the 21% Century,” in Proc. of 6th
Int. Symp. Japan Welding Society, M. Ushio, ed., Japan Welding Soci-
ety, Tokyo, Japan, 1996, 2, pp. 731-36.

3. M. Fukumoto, Y. Huang, and M. Ohwatari: “Flattening Mechanism in

74—Volume 11(1) March 2002

Thermal Sprayed Particle Impinging on Flat Substrate,” in Thermal
Spray: Meeting the Challenges of the 21st Century, Proceeding of 15th
ITSC, C. Coddet, ed., ASM International, Materials Park, OH, 1998, 1,
pp. 401-06.

4. M. Fukumoto, E. Nishioka, and T. Matsubara: “Flattening and Solidi-

o]

fication Behavior of Metal Droplet On Flat Substrate Surface Held at
Various Temperatures,” Surface Coatings Technol., 1999, 120-121, pp.
131-37.

. S. Amada, M. Haruyama, and T.Ohyagi: “Effect of Wettability on the
Flattening Process of Molten Droplets,” J. Japan Inst. Metals, 1999,
63-1, pp. 103-11 (in Japanese).

. B. Kang, J. Waldvogel, and D. Poulikakos: “Remelting Phenomena in
the Process of Splat Solidification,” J. Mater. Sci., 1995, 30, pp. 4912-
25.

. L. Bianchi, A.C. Lager, M. Vardelle, A. Vardelle, and P. Fauchais:
“Splat Formation and Cooling of Plasma-Sprayed Zirconia,” Thin Solid
Films, 1997, 305, pp. 35-47.

. L. Rayleigh: “On the Instability of Jets,” Proc. Lond. Math. Soc., 1878,
10, pp. 4-13.

Journal of Thermal Spray Technology



