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The flattening process of an isothermal droplet impinging on flat substrate in plasma spraying is studied
numerically using “Marker-And-Cell” technique that enables the evolution of the droplet/substrate dynamic
contact pressure. The distributions of the pressures upon substrate surface during flattening are calculated
under different droplet conditions. The correlation of the distribution of the peak contact pressure along
substrate surface with the observed splat morphology is examined. The results show that the transient con-
tact pressure is initially 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 deforma-
tion, which drives the fluid moving quickly along substrate and results in lateral flow. The contact pressure
is mainly associated to droplet density and velocity. The peak pressure reduces monotonically with flattening
and becomes negligible at the region where the flattening degree is larger than 2. The magnitude of the
pressure resulting from evaporating gas by rapid heating of the adsorbed water on the substrate surface is
comparable to that of the dynamic contact pressure at the region where the flattening degree ranges from 1.5
to 2. It is suggested that the reduced contact pressure at the late stage of spreading and disturbance by the
evaporation-induced pressure resulting from rapid heating of the surface adsorbents by flattening droplet
may contribute significantly to the splashing of flattening droplet and the formation of a reduced disk-like
splat.

Keywords droplet impact, dynamic contact pressure, flattening,
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1. Introduction

A thermal spray coating is built up by a stream of molten
droplets. The individual droplet forms a splat through processes
of impacting, flattening, rapid cooling, and solidification. The
analysis has clearly revealed that the deposition of an individual
splat in the coating can be considered as an independent event,
which is not significantly influenced by the deposition of other
splats.[1] Consequently, individual single splat formation has a
significant effect on the coating structure and property and the
adhesion of a coating to substrate and is one of the most funda-
mental topics concerning formation of sprayed coating. There-
fore, many studies have been done on splat formation. The stud-
ies were experimental[2-7] and theoretical.[8-11]

The experimental examination of splat morphology has led to
the progressive understanding of the phenomena related to its
formation. It is known that the splashing will occur when a drop-
let impacts at ambient atmosphere even on a flat surface. How-

ever, when substrate is preheated up to about 200 °C, the splash-
ing will be suppressed.[4-6] The splashing is closely associated
with the interaction of impacting droplet with a substrate.
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Nomenclature

C0 constant for initial contact pressure
Cs velocity of the sound in liquid, m s−1

d diameter of spherical droplet, m
D diameter of splat, m
f body force
p scalar pressure, N m−2

P0 water-hammer pressure, N m−2

r radius of curvature of the droplet, m
Re reynolds number, � dw0/µ
t time, s
V velocity vector
w0 droplet velocity, m s−1

y radial coordinate representing the diameter of splat, m
z vertically symmetrical coordinate representing the height

of splat, m
� factor to the water hammer pressure
µ viscosity, N m−2 s
� density, kg m−3

� surface tension, N m−1

� dimensionless time, t w0 /d
� dimensionless radial axis abscissa, 2y/d
�m flattening degree, D/d
� dimensionless symmetrical axis ordinate, z/d
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On the other hand, it is difficult to examine experimentally
the interactions between a thermal spray droplet and a substrate
due to dynamic of flattening and solidification. In fact, these
processes take only a few microseconds.[12] That is why numeri-
cal simulation became an important method in such investiga-
tion. The earlier numerical works were mainly concerned with
the flattening process of droplet by relating the flattening degree
to droplet parameters such as Reynolds Number and Weber
number.[8-10] The approach has successfully exhibited the char-
acteristics of flattening process to an ideal disk splat and illus-
trated that flattening degree predicted by commonly cited Madej-
ski’s model[13] over-estimates the flattening of droplet.[9] The
recent numerical approach attempts also to involve the splashing
based on the Rayleigh-Taylor instability theory.[11]

Based on the experimental results, the mechanism for the
splashing, which takes place during flattening of spray molten
droplet, have been proposed.[6,14] One mechanism, the evapo-
rated-gas-induced splashing model, revealed the dominant ef-
fect of the gas formed through the evaporation of adsorbates on
substrate surface. This effect has also been confirmed by Jiang et
al.[15] The other mechanism, the surface-melting-induced
splashing model, was proposed to explain the splashing, which
occurs when the surface of the substrate is melted by impacting
droplet.[6,7] It was also argued that the splashing might result
from a localized solidification.[16] Despite the different models,
the common point of the models mentioned above is that the
direction of flattening fluid determined by its inertia force can-
not follow closely to substrate surface due to the discontinuity of
surface backing the fluid or the additional force resulting from
the evaporated gas between fluid and substrate. Those effects
tend to detach the fluid from substrate surface. This implies that,
on the other hand, the mechanical conditions resulting from both
droplet deformation process and substrate surface conditions
will be essentially important with regards to the splashing. When
the contact pressure between spreading droplet and substrate
surface is large enough to keep liquid to contact closely with
substrate, the splashing may not occur. Therefore, it can be con-
sidered that the dynamic pressure evolved in droplet fluid to-
ward the substrate during flattening will significantly influence
the droplet flattening behavior. However, there are few reports
that have been concerned with the problem up to now except the
work reported by Montavon et al.[17]

In this study, the spreading process of a droplet after impact is
simulated numerically. The main emphasis is put on the system-
atical study into the distribution and change of the transient con-
tact pressure of droplet to the substrate under different droplet
conditions during the spreading process and the examination of
the effect of the subsequent transient pressure on splat formation
in thermal spraying.

2. Method of Calculation

The deformation motion of a molten droplet can be described
by the incompressible Navier-Stokes equations. The governing
equations include the continuity equation and the full Navier-
Stokes equations for transient, axisymmetric, viscous, incom-
pressible fluid flow in a Eulerian frame as follows:

� �
⇀
V= 0 (Eq 1)
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where V� is the vector velocity, t the time, � the fluid density, p the
scalar pressure, µ the fluid viscosity, f the body force per unit
density. The complete equations were solved on a Eulerian rect-
angular mesh in cylindrical geometry using a commercial
PHOENICS Code (PHOENICS 1.4),[18] and “Marker-And-
Cell” technique (MAC)[19] was used to trace the free surface and
fluid domain of droplet during deformation. The calculation was
performed under the isothermal conditions corresponding to dif-
ferent viscosity and surface tension. The details of the numerical
scheme and solution techniques have been described in detail
elsewhere.[20] Most of the results are normalized in the dimen-
sionless forms as follows:
� = tw0/d, dimensionless (inertial) time;
� = 2y/d, dimensionless abscissa (radial axis); the maximum

value at a given time represents the relative radius (or diam-
eter) of flattening droplet, i.e., the flattening degree;

� = z/d, dimensionless ordinate (symmetrical axis) which repre-
sents the relative height of flattening droplet, i.e., the thick-
ness of splat.

where w0 and d are impact velocity and initial droplet diameter;
y and z the abscissa dimension and ordinate dimension (thick-
ness), respectively. The selected calculation conditions were w0

= 25-400 m/s, d = 25-200 µm, � = 1-16 × 103 kg/m3, µ = 2.5-20
× 10−3 Pa s and surface tension coefficient � = 0-2 N/m. The
computations took 2-6 h of computer time.

3. Simulation Results

3.1 Droplet Spreading Process

Figure 1 illustrates the evolution of the spreading process for
a droplet of 100 µm in diameter with a density of 8 × 103 kg/m3

that impacts on a flat substrate surface at a velocity of 100 m/s. It
was found that the transverse flow along the substrate surface
occurs first at the time of � = 0.1-0.2 after impact. It spreads
quickly along the surface with the falling of droplet height,
which reaches the final splat diameter �m (defined as flattening
degree) and thickness �m. �m and �m are influenced by droplet
size, density, viscosity, and impact velocity, which can be nor-
malized as the influence of the Reynolds number (Re) on the
flattening degree, where Re = �w0d/µ. With the increase in the
Reynolds number, the splat diameter will be increased and the
splat thickness will be decreased. Numerically, the estimated
splat size ranged from 4.06-7.81 of �m, and 0.013-0.044 of �m at
� = 2-8 × 103 kg/m3, w0 = 50-400 m/s, µ = 2.5-20 × 10−3 Pa s and
d = 25-200 µm that cover most of the plasma spray conditions.

The examination into the relationship between the Reynolds
number and the flattening degree obtained by numerically simu-
lated results revealed that when the modification is made to
Madejski’s relation[13] the following equation fitted the data
best.

� = 1.025 Re0.2 (Eq 3)

The comparison of the coefficient obtained in this study with
those obtained by other investigators is shown in Table 1. There-
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fore, this correlation gives a coefficient of 1.025 smaller than
1.2941 in Madejski’s relation for the plot of � against Re0.2. This
coefficient is very close to that given by Trapaga et. al.[8] and to
1.04 by Liu et al.,[10] which was also obtained at the isothermal
conditions, and larger than a modified coefficient of 0.925 pro-
posed by Bertagnolli et al.[9] The later is obtained by taking the
effect of solidification on flattening into the consideration dur-
ing the simulation. Consequently, the above difference would be
reasonable because the thermal reaction of droplet material with
substrate may influence the flattening process. Such agreement
of the simulated flattening degree with those reported proved the
validity of the present simulating method, which was used to

simulate the transient pressure during droplet flattening. Al-
though all simulated results yielded a close coefficient value, it
should be pointed out that the recent experiment under known
velocity and temperature of the particles in a narrow size range
yielded a significantly low coefficient.[21]

3.2 Evolution of Contact Pressure

Figure 2 shows the evolutions of the transient pressure con-
tours from � = 0.004-0.5 under the conditions of � = 8 × 103

kg/m3, w0 = 100 m/s, µ = 5 × 10−3 Pa·s and d = 100 µm. The initial
contact pressure at the impact, which is highest with a steep pres-
sure gradient, is concentrated around a small contact area as
shown at � = 0.004 in Fig. 2. The pressure then spreads and re-
leases quickly with the flattening of the droplet. The pressure
gradient keeps highest at the front of fluid during a period of time
after impact, as shown at � = 0.004, 0.02, 0.06, 0.1, and 0.2 in
Fig. 2, which accelerates the fluid front flowing along the sub-
strate in a very high speed and forms a lateral spreading flow.
The calculated results show that the maximum velocity of
spreading flow is mainly related to the impact velocity and
reaches 3w0, which is consistent with that reported by Trapaga et
al.[8] The pressure inside the droplet is depleted gradually when
the deformation of droplet further progresses as shown at � = 0.2
and 0.5 in Fig. 2.

3.3 Initial Contact Pressure

The simulation showed that the contact pressure of droplet to
substrate after impact is mainly dependent on the droplet density
and impact velocity and the droplet viscosity has little effect on
the initial contact pressure. Table 2 and 3 show the initial contact
pressure obtained under different densities and impact veloci-
ties, respectively. The pressure at the very early flattening time,
i.e., � = 0.004, was changed with the droplet density and impact
velocity, which ranged from several 10 MPa up to over 104 MPa.
It increases with the droplet density and impact velocity. Fur-
thermore, it was found from those results that the initial contact
pressure p0 increases linearly with droplet density � and square
impact velocity w0

2, i.e.,

p0 = C0�w0
2 (Eq 4)

where the constant C = 3.75 in present study. This means that the
initial impact pressure is about 7.5 times of stagnation pressure
of the incompressible flow given by the Bernoulli equation.[22]

Fig. 1 Typical droplet flattening patterns at different times (w0 = 100
m/s; d = 100 µm; � = 8 × 103 kg/m3; µ = 5 × 10−3 Pa s; � =1 N/m)

Table 1 Comparison of the Coefficient a for the Formula
� = a Re0.2 Obtained by Different Investigators

Coefficient Investigators Reference Remark

1.249 Madejski 13 Theoretical model
1 Trapaga et al. 8 Simulated at isothermal

conditions
1.04 Liu et al. 10 Simulated at isothermal

conditions
0.925 Bertagnolli 9 Simulated by taking account of

solidification effect
1.025 Present study Simulated at isothermal

conditions
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With the impact pressure resulting from water drop-to-solid
collisions, Engel[23] presented the following equation given by
Honegger[24]:

p = 3.92 � 103w0
2 (Eq 5)

When one substitutes the density of water 1 × 103 kg/m3 into
Eq 4, then the initial contact pressure for water drop impact,

p = 3.75 � 103 w0
2 (Eq 6)

Fig. 2 Evolutions of transient pressure contours with flattening time (w0 = 100 m/s, � = 8 × 103 kg/m3 )
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Accordingly, it can be recognized that the present simulated
result expressed by Eq 4 and 6 agrees well with that (Eq 5) given
by Honegger.[24]

The high pressure resulting from initial impact will begin to
release after a time.[25]

t�0 =
3rw

2C s
2 (Eq 7)

where Cs is the velocity of a compression wave in the liquid, r
the radius of curvature of the droplet (liquid mass) in the region
of contact. Comparing the corresponding real time to the dimen-
sionless time � = 0.004 with that calculated by Eq 7, it can be
found that the real time to obtain the initial contact pressure is
less than that calculated by this equation within the simulating
conditions in this study. Therefore, it can be considered that the
initial contact pressure corresponds to the high pressure result-
ing from impact well before the pressure release commences.

When a liquid droplet impacts on a solid surface, the result-
ing maximum pressure under compressible condition is so-
called water-hammer pressure.[26] For impact of cylindrical wa-
ter jet on a rigid target, the pressure is

p0 = �Csw0 (Eq 8)

For the impact of a spherical water droplet, the following
equation is valid[23]:

p0 =
1

2
���Csw0� (Eq 9)

where � is a factor tending to unity at high velocities. Bowden
and Tabor[27] measured experimentally the impact load of water
jet with a core diameter of 1.3 mm and a head diameter of 3 mm
striking the pressure gauge at an impact velocity of 720 m/s on
using a piezoelectric pressure transducer. They obtained a peak
load of 630 kg and gave an average pressure of 930 MPa by
using the head diameter to illustrate the good agreement of this
observed value with the theoretical value of 1058 MPa calcu-
lated for a water jet with an impact velocity of 720 m/s and Cs =
1500 m/s. However, when one considers the lateral flow of water
jet at the early stage of impact to be restricted, it would be more
reasonable to consider that the diameter of the effective area for
impact load to act on is equal to the core diameter of water jet.
Using the core diameter of water jet, one can obtain an impact
pressure of 4740 MPa, which is about five times of that given by
Bowden and Tabor.

For a spherical water droplet impacting at a velocity of 720
m/s, the theoretical pressure can be obtained to be 2133 MPa
following Engel’s approach with � = 0.9.[23] With the velocity of
720 m/s, an initial contact pressure has a value of 1944 MPa,
which was calculated according to Eq 6 obtained in this study.
This value agrees well with that calculated by Eq 9. Therefore,
the initial contact pressure expressed in Eq 4 obtained in this
study would be valid to predict the maximum impact pressure
although it was obtained under simulation condition of incom-
pressible fluid.

3.4 Pressure Distribution Along
Substrate Surface

The initial contact pressure only acts on the small surface
area where the droplet just touched the substrate. Thus, to un-
derstand the interactions between droplet and substrate, it is nec-
essary to examine the distribution and change of transient con-
tact pressure throughout the process of droplet deformation.
Figure 3 shows the distribution and change of the transient pres-

Table 2 Initial Dynamic Contact Pressure Simulated
With Different Density Values

Density (kg m−3) 1000 2000 4000 8000 16 000

Pressure (MPa) 37.8 75.5 151.5 301.7 603.0

Note: w0 = 100 m/s

Table 3 Initial Dynamic Contact Pressure Simulated at
Different Droplet Velocity

Velocity (m � s−1) 25 50 100 200 400

Pressure (MPa) 18.8 75.5 301.7 1206.0 4825.0

Note: � = 8 × 103 kg/m3

Fig. 3 Distributions of the dynamic contact pressure along substrate
surface at different flattening times
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sures along substrate surface with spreading time. Figure 3(b)
shows the detailed indication of the pressures after � becomes
larger than 1. It can be found that at the early stage of the defor-
mation at � = 0-0.1, the pressure decays in a very high speed of
more than 1500 MPa per unit dimensionless time. The maxi-
mum pressure and the maximum pressure gradient remain at the
droplet front along surface, which cause the droplet to spread
along surface at a very high speed. At the middle and later stages
of the deformation, the pressures acted upon the substrate by the
droplet become small and more uniform. It was also found (Fig.
3b) that during spreading, when the fluid front reached to an area
of � > 2, the contact pressure at the front becomes less than 1
MPa. This implies that the contact pressures act effectively only
within the area of � < 2, which is much less than the final splat
diameter (4.06-7.81 in present study). On the other hand, at the
area of � > 2, there is no effective pressure to keep the spreading
fluid to contact closely with the substrate underneath. Such con-
dition will make the spreading process of droplet material to be
easily disturbed by substrate surface conditions.

3.5 Peak Pressure

The contact pressure generated by droplet impact assures the
close contact between flattened droplet and substrate and conse-
quently the effective contact between the splat and the substrate.
According to the pressure distribution mentioned above, the
contact pressure field changes continuously throughout the
whole flattening process. However, the maximum pressure at a
certain location is more important for the generation of good
contact between fluid and the substrate. Therefore, the maxi-
mum pressure at a certain location of the substrate is defined as
the peak pressure in the current study. The distributions of the
maximum pressure along the substrate obtained at different
droplet densities and impact velocities are shown in Fig. 4. The
peak pressure increases with droplet density and impact veloc-
ity. Moreover, those results clearly show that the peak pressure
is initially high in the center of droplet/substrate interface, and
then decreases gradually along the surface. It drops to as little as
less than 10 MPa at the location of � = 1.5 and below 1 MPa
when the lateral flow of droplet reaches to and over � = 2 where
the fluid of droplet, as shown in Fig. 1, moves mainly in the
radial direction in a lower spreading velocity of about 0.8-1.6w0.
Therefore, the axial deformation velocity of droplet towards the
substrate surface is too small at current time to give effective
contact pressure upon substrate. The fluid of flattening droplet,
while it passes over the region of � > 2, may mainly “float” upon
substrate and it would be difficult for liquid to achieve the effec-
tive contact with substrate over this region, provided the ideal
disk-like splat is formed. This can be considered to be the direct
cause of incomplete contact at the interface between lamellae
within coating.[28-30]

On the other hand, the numerically simulated results also re-
vealed that the transient contact pressure at a given time step and
a location of substrate also fit the equation given by Eq 4, where
p0 should be substituted by p, i.e., the transient contact pressure,

p = C��,���w0
z (Eq 10)

where the coefficient C (C � C0) is a function of time and dis-

tance of location. Equation 10 expresses the relationship be-
tween the contact pressure and the initial dynamic force of drop-
let. Figure 5 illustrates the simulated contact pressure at different
times as a function of the location (�) and �w0

2. Therefore, the
transient pressure depends on the kinetic energy of spray drop-
let. With the increase in the velocity and density of molten drop-
let material, the contact pressure will be increased.

4. Effect of Contact Pressure on
Splat Morphology

The splat morphologies have been systematically studied ex-
perimentally.[2,3,6,7,14,31] The splats were deposited on polished
stainless steel substrate by plasma spraying in ambient atmo-
sphere. The splat materials included copper (Cu), nickel (Ni),
aluminum (Al), and molybdenum (Mo), which were sieved to a
narrow size. The nominal particle size ranges were 76-90 µm for
Cu and Mo, 75-64 µm for Ni, respectively. With Mo splat, Mo
sheet with surface polished was used as substrate to avoid the
melting of substrate surface by impacting molten droplet. With
Cu and Ni splat formation was performed under different plasma
arc powers. The experimental details were described else-
where.[3] The morphology of the splat was examined using scan-
ning electron microscopy (SEM). The size of splats was

Fig. 4 Effect of (a) droplet density and (b) velocity on the peak pres-
sure distributions along substrate surface
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estimated from SEM photographs to obtain the apparent flatten-
ing degree of splats.

The experimental investigation has revealed that most splats
formed on flat substrate by fully molten droplets in plasma
spraying under ambient atmosphere were only a central part of
an expected ideal disk-like one. Such reduced disk-like splat was
defined as annulus ringed disk-like splat.[3,7] Figure 6 illustrates
typical Ni splat deposited on flat stainless substrate surface
along with thickness profile. The complete disk-like splat can be
obtained only under very limited conditions such as on pre-
heated flat surface[4-6] and/or at low particle impact velocity.[2]

With the average powder grain size and the measurement of
splat thickness as shown in Fig. 6(b), a flattening degree of about
5 is expected, which is consistent with the simulated results. Fig-
ure 7(a) and 7(b) illustrate typical Cu splat on flat stainless sur-
face and Mo on molybdenum surface plasma-sprayed at ambient
atmosphere, respectively. The splat of similar morphology was
confirmed with other spray materials.

Table 4 and 5 summarize the apparent flattening degrees (ra-
tio of splat diameter observed to particle size) for Cu and Ni
splats obtained at different plasma powers on plasma spraying.
Except one of Cu splat, which was deposited at a low plasma
power of 16 kW and yielded a flattening degree, about 3 corre-
sponding to complete disk-like splat as shown in Fig. 8, the ap-

parent flattening degrees, ranged from 1.5 to 2, are much lower
than that could be expected from average thickness of splats.
This is because the present splat is only a central fraction of the
expected complete disk-splat.

The formation of the reduced disk-like splat is associated
with the occurrence of splashing during flattening of droplet.
Based on the experimental results concerned with the effect of
substrate temperature and evaporative organic substance ad-
sorbed on substrate surface on splat formation, the evaporated
gas induced splashing mechanism has been proposed.[6,14] Ac-
cording to this splashing mechanism, when a cold substrate is
adsorbed by water from the moisture in the atmosphere, the ad-
sorbent will be evaporated when the substrate surface is heated
rapidly upon flattening of droplet. The resulting gas may be con-
centrated and tends to escape radially outwards, which will
cause an upward force and subsequently upward fluid flow per-
pendicular to the direction of flattening.

Glod et al.[32] reported that under rapid heating the explosive
evaporation of water on a surface from boiling occurs, which
generates the excess pressure from 0.1 to 1MPa corresponding
to a heating rate from 106 K/s to 8.6 × 107 K/s. They also showed
that the force increases with the increase in heating rate. The
flattening time of a spray droplet is usually less than about 2
µs[33] and surface temperature of the substrate resulting from the

Table 4 Apparent Flattening Degrees of Cu Splats Obtained at Different Plasma Powers

Plasma power/kW 16 (400A-40V) 24 (400A-60V) 25 (500A-50V) 28 (400A-70V) 30 (500A-60V)

Apparent flattening degree 2.82 2.12 1.65 1.73 2.01

Table 5 Apparent Flattening Degrees of Ni Splats Obtained at Different Plasma Powers

Plasma power/kW 24 (400A-60V) 30 (500A-60V) 35 (700A-50V) 36 (600A-60V) 42 (700A-40V)

Apparent flattening degree 1.58 1.60 2.00 1.53 1.97

Fig. 5 Linear relationship between impact pressure and �w0
2 at different times from �=0.1-1.0 and different positions
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heating of the droplet can be raised to several hundreds degrees
after a spray molten droplet impacts on a substrate. When mate-
rials with high melting points, such as refractory metal droplet
molybdenum was used, the melting of steel substrate surface
clearly indicated the rise of substrate temperature up to over
1000 °C heated by impacting droplet.[7,33] Therefore, the heating
rate of the substrate surface by impacting droplet during spray-
ing is of an order of about/over 108 K/s. This heating rate is
coincident with those reported by Glod et al.[32] Park et al.[34]

reported the pressure from the rapid vaporization of water on a
surface generated by a pulsed-laser heating. They reported a
pressure pulse of around 0.5 MPa at the bubble nucleation
threshold to laser radiation energy. With the increase in radiation
energy of laser pulse, the pressure generated increases to the
order 1 MPa with a saturated level. The result reported by Park et
al.[34] is the same in the order as those reported by Glod et al.[32]

Therefore, it can be considered that the force resulting from
the evaporation of surface adsorbed water is of the same order as
those of contact pressure at the region of splat � =1.5-2. Accord-
ingly, comparing such excess pressure with the dynamic contact
pressure of fluid on substrate resulted from the deformation of
droplet, it is clear that at the region � = 1.5-2 the evaporated gas
induced upward force may become comparable to the dynamic
contact pressure. Moreover, beyond such a region, the excess
force resulting from evaporated gas acts at the interface between
fluid and substrate on spreading liquid through a gas cushion on
the surface of the substrate. Due to the depletion of the dynamic

contact pressure, the excess force resulted from evaporated gas
tends to detach the spreading fluid from substrate and jet it away,
i.e., splashing. As a result, the residual disk-like splat is formed.

As shown in Fig. 3, the contact pressure during droplet flat-
tening concentrates within region � < 1.5. At the central area
where droplet impact directly, the contact pressure may be as
great as over 300 MPa at the initial flattening time steps. In this
region, the evaporating gas may find no way to be released under
such a high pressure. On the other hand, the evaporated gas may
be absorbed by liquid droplet in much super-saturated state un-
der high pressure. When the dynamic pressure is diminished un-
der the evolution of shock wave in the liquid fluid, the absorbed
gas might be condensed to form a gas bubble. This phenomenon
could be a possible reason for the occurrence of central splashing
observed previously,[2] as can be seen from splats in Fig. 6-8.

Although a quantitative model should be further developed to
explain the coaction of impact dynamic pressure and evapora-
tion-induced pressure, the present results evidently indicate that
the contact pressure during droplet flattening influences signifi-
cantly the occurrence of splashing during droplet flattening. It
can be suggested that the reduced contact pressure at the late
stage of spreading and disturbance by the evaporation-induced
pressure resulting from rapid heating of the surface adsorbents
by flattening droplet may contribute significantly to the splash-
ing of flattening droplet and the formation of a reduced disk-like
splat.

4. Conclusions

1) The maximum pressure gradient along the substrate con-
centrates at the front of droplet at early flattening stages,
which accelerates the droplet spreading along substrate
surface in a high velocity. The contact pressure spreads
and dissipates quickly with the droplet flattening. The
maximum spreading velocity reaches to 3 times of droplet
velocity.

2) The contact pressure is increased proportionally to the
droplet density and the square of impact velocity. The vis-
cosity of the liquid shows little influence on the contact
pressure. Though the peak pressure is initially high at the
center of contact area of droplet with substrate, it consis-
tently decreases along the substrate surface, which results
in close contact between splat and substrate in a limited
central area. Beyond this area, the fluid of droplet may
float on the substrate surface with little effective contact
pressure.

3) The transient contact pressure at a certain time step and
location of substrate during droplet flattening process is
linearly proportional to initial dynamic pressure of drop-
let, i.e., p = C�w0

2.
4) The contact pressure at the interface between splat and

substrate in the region where flattening degree reaches to
1.5-2 is comparable to that resulting from explosive
evaporation of surface adsorbed water. Beyond the region
where the flattening degree is larger than 2, the contact
pressure is not high enough to overcome other turbulent
upward forces such as evaporated gas induced force to
maintain a good contact between the droplet and sub-
strate. It can be suggested that the reduced contact pres-

Fig. 6 (a) The morphology of a typical reduced Ni splat and (b) dis-
tribution of splat thickness
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sure at the late stage of spreading and disturbance by the
evaporation-induced pressure resulting from rapid heat-
ing of the surface adsorbents by flattening droplet may

contribute significantly to the splashing of the flattening
droplet and the formation of a reduced disk-like splat.
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