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A full length of the abstract.

A comprehensive numerical study of the effects of interfacial heat transfer, surface tension
(1.8 n/m, 1.647 n/m, 1.35 n/m and temperature-dependent values) and contact angles (60°, 90°
and 120°) on the droplet spreading behaviour in the formation of the plasma-sprayed splats
was conducted. The evolution of splat morphologies with time was accurately captured using
a volume of fluid (VOF) model in a 2-D computational domain. The results show that
bubbles form at the time of impact and decrease the heat transfer efficiency at the contact
points. During spreading, solidification occurs at the droplet edge before maximum spreading.
The rapid growth of the underlying solidified layer induces fluid instabilities for the upper
liquid layer, which triggers material jetting. The interfacial heat transfer is the key parameter
influencing the droplet cooling process and the final splat morphology. Increasing the
substrate preheating temperatures (from 27°C to 300°C) delays solidification but increases
the potential of substrate melting. A low surface tension (1.35 n/m) readily promotes liquid
projections, while the contact angle is of less importance in changing the surface
morphologies.

Keywords: droplet spreading, cross-sectional splat morphologies, plasma spraying, numerical
simulation

Nomenclature

General symbols Greek symbols

D, Droplet diameter before impact a volume fraction of fluid

v, droplet velocity before impact P density

t time H viscosity

v velocity o surface tension

g gravitational acceleration i liquid fraction

k thermal conductivity & maximum flattening ratio

P pressure o liquid-solid contact angle

T temperature K surface curvature

D droplet spreading diameter

H total enthalpy Dimensionless numbers

h sensible enthalpy Co Courant number(=vdt / dx)
AH  latent heat We Weber number (= pV,’D, / &)
S solidification parameter Re Reynolds number (= oV,D, / )




*

L latent heat of the liquid phase s thickness of solidified layer (=s/ D,)

X,¥:Z  coordinate Ma Marangoni number (= pC_D|do / dT|AT / 2uk)
s thickness of the solidified layer

n the surface normal at the interface

C, specific heat Subscript symbols

A . ~ mushy zone constant I liquid

S,, source term g gas

F volume surface tension force w wall

1 Introduction

During plasma spraying, powder particles are injected into the plasma stream, where they
experience melting and acceleration. The molten (or semi-molten) droplets impact on the
substrate surface, spread and solidify to form splats with different morphologies. The splats
served as the basic block of the bulk coating. Such droplet impingement onto the substrate
with small diameter scales, high temperatures and velocities involves complex phenomena
such as fluid dynamics, solidification, bubble entrapment and interfacial heat transfer.
Because all these characteristics occur in the magnitude of microseconds, it is impossible to
clearly reveal the entire impact and spreading process in the formation of splats through
experimental methods [1, 2]. Therefore, computational fluid dynamics (CFD) simulation
provides a good alternative to study droplet impact dynamics. The explicit volume of fluid
(VOF) model with small time steps is used to accurately capture the transient liquid-gas
interface. This model has been widely used in understanding the impact and spreading
characteristics of liquid droplets in the range of micrometre- and millimetre-sized water and
tin droplets [3-6] and plasma sprayed micrometre metal/oxide droplets [7-10]. The impact
dynamics of millimetre-sized isopropanol with low impact velocities onto the preheated
substrates were numerically studied [3]. The predicted droplet spreading morphologies and
interfacial temperatures demonstrated a good agreement with experimental observation.
Tabbara et al. [4] simulated the spreading behaviour of a 2.2 mm molten tin particle at
different impacting velocities based on the VOF and solidification models. The growth of the
solidified layer experienced three stages of planar morphology, uneven morphology and wave
mixing. Through solving a fixed-grid Eulerian model, the spreading behaviour of the molten
droplets, either in the micrometre size [7] or millimetre size [5], with interfacial heat transfer
and solidification, were successfully simulated using 3-D models. Zheng et al. [8] also used
the commercial software ANSYS FLUENT to describe the evolution of contact pressure,
velocity and temperature fields and solidification in the formation of plasma-sprayed zirconia
splats. With ANSYS CFX software, Tran et al. [9] predicted substrate melting and
resolidification when molten Ni droplets flattened on stainless steel, and validated the model
with experimental observation. Apart from the VOF method, Oukach et al. [11] modelled the
spreading behaviour of molten alumina droplets using the Level Set method to track liquid-
gas interface.




The formation of single splats in plasma spraying is dependent on a range of factors, such as
the high temperature thermal-physical properties of the powder material, the substrate
temperature, the droplet contact angle on the substrate surface and the thermal contact
resistance along the splat-substrate interface. Through mathematical modelling, Wan et al.
[12] found that the surface tension and contact angle were negligible in changing splat
spreading diameters during plasma spraying. The substrate preheating conditions and
interfacial thermal contact resistance were found to be the key factors influencing droplet
spreading diameters, by means of influencing the solidification process. Unfortunately, the
instantaneous splat morphology and solidification process were not demonstrated in detail. A
clear display is important for understanding how the solidification behaviour influences
liquid flowability. Nevertheless, the contact angles were found to be dominant in determining
the spreading dynamics without considering the solidification process especially in the case
of millimetre-sized liquid droplet [13, 14]. More work should be conducted on understanding
the role of contact angles on droplet spreading when taking into account of the solidification.

Many research groups have focused on studying the splat formation of nickel powder [2, 7].
Therefore, nickel material was selected in the simulation for consistently studying droplet
spreading behaviour, which may give more informative understanding. Moreover, chromium
served as the active element and found to improve static wetting behaviour of droplets [15].
Our previous experimental study showed that droplet fragmentation was supressed for
Ni20Cr splats compared to Ni splats, and more disk shapes were observed for Ni20Cr
material [16]. It has been found that one of the main differences between the high
temperature thermophysical properties for Ni and Ni20Cr was the liquid surface tension,
which was correlated with the droplet contact angles and wettability. However it is still
unclear whether the formation of more Ni20Cr disk splats results from the difference in
surface tension values, or other effects such as interfacial reactions and dynamic wetting with
the addition of Cr element. Therefore it is important to verify the role of contact angle,
surface tension and interfacial heat transfer on droplet spreading dynamics in plasma-sprayed
splat formation.

In this paper, the behaviour of droplet impact, spreading and solidification was
comprehensively studied through CFD simulation. Through accurately demonstrating the
time-dependent spreading process and solidification behaviour by simulation, the influence of
interfacial heat transfer (consisting of substrate preheating and interfacial thermal contact
resistance (TCR)), droplet surface tension and contact angles on droplet spreading were
investigated. It should be noted that in this paper the scope is constrained to understanding
the droplet impact onto the substrate where there was no surface adsorbents/moisture
evaporation. Splat fragmentation induced by the evaporation of surface adsorbents/moisture
was not studied numerically.

2 Numerical models

2.1 Computational domain and meshing



The commercial software ANSYS FLUENT 16.0 [17] was used to model the droplet impact
and spreading dynamics. A molten Ni droplet of 54 um diameter with an initial temperature
of 2100 K was simulated to impact onto a stainless steel substrate with an initial velocity of
100 m/s. The high temperature thermophysical properties of the Ni droplet and the stainless
steel substrate are summarized in Table 1. Three different values of surface tension were used
in this paper for understanding its effect on droplet spreading. The value of 1.8 n/m
represents the Ni surface tension at melting point (1728K), while the value of 1.647 n/m
represents the Ni surface tension at initial impact temperature (2100K). The value of 1.35 n/m
represents a surface tension comparable with Ni20Cr material at its melting point (more
information can be found in Section 3.3). A two dimensional (2D) axisymmetric domain was
used in the simulation where the size of air domain was 320 um x 90 um, large enough to
decrease the backward flow to the boundaries. The dimension of the substrate domain was
320 pum x 25 pum (width X and height Y). Detailed boundary conditions are presented in Fig.
1. When the liquid droplet flowed over the substrate surface, a non-slip wall boundary
condition was utilized. This condition assumed that there was no relative velocity between
the fluid and stationary substrate surface at the contact line. In reality the contact line would
experience slip during droplet spreading. So the definition of a slip length was proposed,
considering the velocity gradient at the triple line, to avoid the singularity [18]. Nevertheless,
this length scale was much smaller than the grid spacing in the numerical studies [19, 20].
Thus the simplest assumption of a non-slip wall condition was acceptable to predict droplet
spreading behaviour. Because of the difficulties in photographing the droplet spreading
process, the dynamic contact angles (DCA) cannot be measured along the contact line.
Therefore the equilibrium static contact angle (SCA) was used in the present paper [5].
Qualitatively, the predictions of droplet spreading ratios of DCA and SCA were in a good
agreement [6, 21].

Table 1 Thermophysical properties of the Ni droplet and stainless steel substrate in
simulation [22, 23].

Material Melting  Density Thermal Specific ~ Latent  Viscosity Surface

point kg/m® conductivity heat heat Pa-s tension
K Wim-K J/kg-K J/kg N/m
Ni 1728 7850 (I) 69.2 (1) 735 () 2.92x10° 0.006 1.35
8450 (s) 80 (s) 595 (s) 1.647
1.8
Stainless 1723 7854 15 480

steel
I: liquid and s: solid.

The meshing quadrilateral element numbers were fixed with 56,000 elements for the
substrate domain and 705,600 elements for the air domain. The smallest grid in the air
domain was 0.14 um to accurately capture the droplet-air interface motion. An extensive grid
independence test was conducted to confirm that the meshing scheme was sufficiently fine to
capture the droplet spreading diameter and the droplet-air interface. In the testing study, three



different grid sizes were selected, yielding a minimum cell length of 0.2 um (400,000 cells in
total), 0.14 um (761,600 cells) and 0.11 pum (1,238,400 cells). The meshing algorithm used in
this paper (grid size 0.14 um) was sufficiently fine to capture the interface, generating an
estimated error around 1.5% for the characteristic spreading ratios as shown in Fig. 2. The
grid independence tests were conducted under the condition of substrate preheating 300°C,
thermal contact resistance 5x107 m?K/W, contact angle 60° and temperature-dependent
surface tension. For obtaining disk Ni splats on stainless steel substrates, the interfacial
thermal contact resistance was found to be in the range of 1x107- 1x10° m?K/W [7, 24, 25].
Therefore the thermal contact resistance was chosen from this range.

2.2 The VOF model

The VOF model is used to compute the volume fraction of fluid () and gas («,) to track

the movement of the droplet-air interface. In each control volume, the parameter o is
defined as unity in the cell fully occupied by the liquid droplet and zero in the cell fully
occupied by the air. The value o between zero and unity points to the liquid-air interface
and in every cell the volume fractions of these two phases sum to unity as expressed in Eq. 1.
In this paper, the surrounding air was treated as the primary phase.

a+a,=1 (1)

Therefore the fields for all variables and properties are shared by the phases and represent
volume-averaged values. The related material density and viscosity are expressed by Eq. 2
and 3.

p=ap +ayp, (2)
M=oy + gy (3)

where pjand p, represent the density of the liquid droplet and air respectively while ¢, and

4, represent the viscosity of the liquid droplet and air respectively.

The location of the moving interface between the molten liquid and air is computed by
solving volume fraction continuity equation for the liquid phase, as expressed in Eq. 4.

9% 4.V =0 (4)
ot

The axisymmetric governing equations of momentum (Eg. 5) and energy (Eq. 6) in the
computational domain are expressed as follows.



%(pV)+V-(p\7\7)=—VP+V-[,u(V\7+V\7T)]+pg+ F.+S. (5

ol

%-FV-(,DVH) =V (ks VT) (6)

For Eq. 5, p§ is the gravitational body force, k, is the effective thermal conductivity
(ks = ok +a K, ), S, is the source term induced by the solidification process as described

in Eg. 13 (see section 2.3) and va is the volume surface tension force solved using the

ol

continuum surface tension (CSF) model of Brackbill et al. [26] as expressed in Eq. 7.
IEvol = UKVO{I (7)

where o is the droplet surface tension coefficient and x is the surface curvature calculated
from the local gradients in the surface normal at the interface, as expressed in Eq. 8.

k= —(V-1) = S [ 9)|n[—(v-n)] ®)

I~
where n=V¢, represents the surface normal at the interface.

Meanwhile, the VOF model can be augmented to include wall adhesion effects through the
contact angle @ between the droplet and the substrate wall. The wall adhesion effects help to
adjust the surface curvature near the wall, as expressed in Eq. 9.

n=n,cosd+t,sing (9)
where i, and €, represent the unit vectors normal and tangential to the wall respectively.

In the calculations of volume fraction parameters, an explicit time scheme was used where
_ dt : .
the time step was controlled by the Courant number (Co:vd—,v velocity, t time and x
X

grid spacing). At the regime of high droplet impact and spreading velocity, a very small time
step of 1x10™% was used to meet the requirement of Co number (less than 0.25). After 4 ps
spreading, a larger time step 5x10™° s was used to save computational time.

For Eqg. 6, H is the total material enthalpy as described in the next section 2.3, k is the
thermal conductivity and T is the temperature.

2.3 The solidification model

The FLUENT software uses a parameter of liquid fraction, £, to implicitly represent the
melt interface based on the enthalpy-porosity method calculating the enthalpy balance. The
total enthalpy of the material is calculated as the sum of the sensible enthalpy h and the
latent heat AH , expressed in Eqg. 10.



H=h+AH (10)

Where

)
h=h, + jT C,dT

where h stands for the reference enthalpy at the reference temperature T, and the C, is
the specific heat.

The values S of zero and unity represent the solid and liquid in the control volume

respectively, through determining whether the temperature reaches the solidus point. Values
between zero and unity represented the solidification interface, also named the mushy zone.

solidus

ifT>T,

liquidus

0 if T <T,
1

p= (11)

(T _Tsolidus) / (Tliquidus _Tsolidus) if Tsolidus <T < Tliquidus

As can be seen in the Eq. 11, the mushy zone consists of the solid and liquid phases. As the
temperature decreases and induces solidification, the latent heat of the liquid dissipates.
According to the liquid fraction existing inside the control cell, the dissipated latent heat can
be expressed as Eq. 12.

AH = gL (12)
where L is the latent heat of the liquid material.

The enthalpy-porosity method calculates the effect of solidification on the whole velocity
field by treating the mushy zone as a porous medium. Once the computational cell is fully
occupied by the solid, the associated velocities become zero. Therefore a source term S_,

given by Eq. 13 is added to the velocity equation.

« __@-p) .
Sm - (ﬂz +0001) Anushv (13)

where A, is the mushy zone constant and equals to 1x10° in this paper, suggested by [8].

2.4 Numerical method

All the governing equations are solved using the segregated pressure-based solver in
FLUENT. The momentum and energy equations were discretised using the QUICK scheme.
The pressure-velocity coupling was achieved through the PISO method during the transient
calculation. The VOF equations were discretized through the geo-reconstruct approach which
accurately tracked the liquid-gas interface motion. The gradients of variables in the governing
equations were computed using the Green-Gauss Node based method to obtain a second-
order spatial accuracy. The pressure values were interpolated using the PRESTO! approach in



the computational cells. In order to understand the heat transfer process during droplet impact,
two monitor points were selected. One was located at the droplet top surface on the axis of
symmetry and the other one was located at the centre of substrate surface.

3 Results and discussion
3.1 Splat morphology evolution

The evolution of droplet spreading behaviour and the solidification process on a substrate
preheated at 300°C are shown in Fig. 3. The surface tension of the droplet was set to be 1.8
n/m with a contact angle of 90° and thermal contact resistance of 1x107" m*K/W. All the
following results were demonstrated under this condition if not specified. The Weber (We)
and Reynolds (Re) numbers are 2355 and 7065 respectively, using the parameters at the
initial impact moment. We and Re numbers are expressed as the following equations,

V,D
Re = PVl (14)
y7

2
we=2%Ds (15
o

where p is droplet density, V, impact velocity and D, the original particle diameter.

At the very initial droplet impact stage (0.05 ps in Fig. 3a), a very short finger jetted out
radially. Under the condition of capillary force, this short finger would potentially break up to
form small secondary droplets (see 0.12 ps in Fig. 3b). Meanwhile, due to the high impact
velocity, an air vortex was observed at the outside surface which would force more air to be
entrapped inside the liquid droplet. Bubble formation was clearly observed at the centre line
along the droplet-substrate interface. Upon droplet impact, high impacting pressures could
drive gas supersaturation and bubble nucleation [27]. With time evolution to 0.5 s, a thin
solidified layer was formed at the periphery during droplet spreading because this part was
thinner than the rest and thus contained less thermal energy to transfer. This also indicated
that solidification occurred inside the droplet before reaching its maximum diameter. Then
the solidification front gradually extended to the droplet surface at 1 ps. Once the
solidification reached the top surface, a protuberant wedge was formed. This protuberance
disturbed liquid flowability and induced instability. Therefore the streamlines were visibly
lifted up, indicating a potential jetting of the edge liquid. Some jetted materials were clearly
observed at 3.5 ps which implies that solidification influenced droplet spreading kinetics.
Driven by the kinetic energy, more liquid material spread to the rim, leading to a thicker edge.
However, the solidification was fully completed at the peripheral part while a small
proportion of liquid was still present on the top surface at the centre. Solidification process
was complete for the whole splat around 4 ps and assumed a disk shape with some ejected
materials. Notably, the thickness of the underlying solidified layer was not uniform during
droplet spreading. Numerous small bubbles were entrapped along the splat-substrate interface



and inside the solidified microstructure. This also validated that the meshing was fine enough
to describe the fluid motion.

In order to validate the 2D simulation results, a 3D simulation was conducted for studying the
spreading behaviour of a 50 um Ni droplet under the same impact conditions. The calculation
was carried out in the axisymmetric one fourth domain where the air and substrate domains
had a dimension of 120 pm x 120 pm x 80 pum and 120 pm x 120 pm x 25 pm (length X,
width Y and height Z) respectively. The total meshing contained 3,822,000 grids for
accurately tracking the droplet-air interface. Fig. 4 gives the final splat morphologies of the
top view and cross sections from the 3D simulations, which qualitatively agreed with the 2D
results. Although the 3D simulation could give more details about the droplet spreading
behaviour at different directions, the 2D simulation greatly saved computational effort in the
investigation of the effects of thermal contact resistance, substrate preheating, surface tension
and contact angles on droplet spreading behaviour. Therefore, 2D simulation reasonably
revealed the overall splat morphology evolution and all the analyses in this paper were based
on 2D modelling results. In addition, two typical splat morphologies of disk shapes (type 3
and type 4) for plasma-sprayed Ni powder are shown in Fig. 5. Our ability to reproduce disk
splat shapes through 2D and 3D modelling gives confidence in the modelling results.

Two splat types of disk shape are shown in Fig. 5. Type 3 splats represented a disk shape
with splashing fingers while type 4 represented perfect disk shapes. This definition was
consistent with our previous experimental observation. Table 2 summarizes the statistic
results of fractions and flattening ratios of type 3 and type 4 splats for Ni and Ni20Cr
materials at substrate preheating temperature of 300°C. For each material, 100 splats were
measured. A statistical method t-test was utilized to examine whether the flattening ratios
were similar or not. Ni20Cr splats intended to generate splashing fingers, achieving a larger
fraction of type 3 splats. However, larger spreading ratios were observed for Ni20Cr material
regardless of splat shapes. This trend was also confirmed by t-test analysis where a value
smaller than 0.05 statistically represents dissimilarities of the collected data.

Table 2 Fractions and flattening ratios of type 3 and type 4 splats for Ni and Ni20Cr materials

Ni Ni20Cr t-test

Fraction Flattening ratio Fraction Flattening ratio
Type 3 56% 4.71+0.80 62% 4.96+0.60 <0.05
Type 4 44% 4.70+0.64 38% 5.24+0.46 <0.05

3.2 Effect of interfacial heat transfer

Figure 6 depicts the influence of thermal contact resistance on droplet spreading behaviour on
substrates preheated at 150°C. The spreading diameter was measured based on the contact
area between the droplet and substrate, excluding the splashed fingers. At the maximum
spreading diameter, the solidification process was almost complete at the outer edge. With
increasing thermal contact resistance, a larger fraction of liquid was observed (see Fig. 6a) at
the centre indicating that droplets remained in liquid form for a longer time. The large
thermal contact resistance slowed down droplet solidification. Therefore more inertial energy



was expended in promoting droplet spreading, which generated thinner splats due to the large
extent of spreading. In addition, more liquid material accumulated at the periphery. It is
reasonable to predict that the droplet would become thin enough to rupture inside the droplet
main body with a higher thermal contact resistance, as a result of overspreading. In a short
period after impact, the flattening ratios quickly increased regardless of the different heat
conduction rate because the inertial force dominated droplet spreading as shown in Fig. 6b.
After maximum spreading, the droplet tended to recede slightly due to the surface tension.
The experimentally measured flattening ratio for Ni splats [16] was also compared with the
simulated results. The mean flattening ratio was comparable with the simulated results where
the thermal contact resistance was 5x10”" m?K/W. One should note that the wide variation of
the experimentally measured ratios was probably due to the original powder distribution (45-
63 pm).

Figure 7 shows the influence of the thermal contact resistance on droplet spreading behaviour
at a higher preheating temperature of 300°C. As shown in Fig. 7a, similar spreading
behaviour was found compared with that at the lower preheating temperature of 150°C. The
small thermal contact resistance facilitated heat conduction along the droplet-substrate
interface and increased droplet cooling rates, which rapidly consumed kinetic energy. This
finally induced a thicker splat with a smaller spreading diameter. Fig. 7b compares the CFD
simulated results with the experimental measurements, showing the experimentally measured
flattening ratio is in reasonable agreement with the simulation. This indicated that at the
preheating temperature of 300°C, the thermal contact resistance along the splat-substrate
interface was in the range of 1-5x10" m?K/W.

Some analytical models have been developed to understand the droplet spreading process for
identifying the key factors influencing the final splat morphologies. The governing equations
between these influencing factors and the maximum flattening ratio of splats are briefly
summarised in the flowing part. The predicted maximum flattening ratios by these models are
compared with our modelling results as well.

Madejski’s model [28]was expressed in Eq.16,

3¢ 1, &
=0+ —(—=-) =1 (16
We Re(1.2941) (16)

where & is the maximum flattening ratio. In this model, Madejski only considered the effect

of surface tension and viscosity on droplet spreading behaviour. Meanwhile, it assumed that
there was no solidification before the maximum spreading and the conditions of
We >100, Re >100.

Zhang’s model [29]was expressed in EqQ.17,

i( é:m )5+3(1_C089)(§n21 _1)+S
Re 1.18 We

§m 25 _
(1'15) =1(17)



where 6 is the contact angle and S=0.005 the solidification parameter. Zhang took into
account of the effect of surface tension, viscosity, contact angle and solidification effects by
improving Madejski’s model. The solution would be more accurate for the condition of

10* <Re <10° and 5<We <5-10°.
Chandra’s model [30]was expressed in Eq.18,

2 We+12

Sn =
:s’We+3(1—cos 0) e

JRe

(18)

where s =D Is the ratio of solidification layer thickness s at the maximum flattening ratio
0

to the particle diameter. This new model was proposed based on the energy conservation of
kinetic energy, surface energy, viscous dissipation and solidification. In this model, two
parameters i. e. the diameter and thickness of the solidified layer were important in
determining the splat diameter.

As shown in Fig. 7b, Madejski’s solution overestimated the maximum flattening ratio without
the consideration of droplet solidification effects during spreading. Zhang further improved
Madejski’s model by incorporating solidification process, but this still underestimated the
effect of solidification. Chandra’s model more accurately predicted the maximum spreading
diameters through new approaches analysing the solidification process. It can be seen that the
solidification process played an important role in influencing droplet spreading behaviour
through consuming a large proportion of inertial energy.

As mentioned above, the increased thermal contact resistance would slow down heat transfer
along the droplet-substrate interface. To clearly demonstrate this effect, Fig. 8 depicts the
influence of the substrate preheating and thermal contact resistance on temperature evolutions
at the droplet top surface and the substrate surface. At the preheating temperature of 150°C, it
took more time for the droplet to cool down when the interfacial contact resistance increased
from 1x107 m*K/W to 10x107 m?K/W as shown in Fig. 8a. In addition, the maximum
substrate temperature achieved through droplet heating decreased with the increased thermal
contact resistance because it blocked thermal conduction from the droplet to substrate (see
Fig. 8b). A similar trend was also noticed on the substrate preheated at 300°C with different
thermal contact resistances. Under conditions of the same thermal contact resistance 1x10~
m?K/W, increasing substrate preheating temperature from 27°C to 300°C slowed down the
droplet cooling process but increased the maximum temperature of the substrate surface.
Importantly, under condition of 300°C preheating temperature with a small thermal contact
resistance of 1x107 m2?K/W, the substrate temperature exceeded the melting point. This
means that under conditions of good interfacial thermal contact, substrate melting and re-
solidification would easily occur. Under these conditions the metallurgical bonding could
form between the splat and substrate, potentially improving the interfacial adhesion. In
addition, one should note that at the instant the droplet contacts with substrate, the
temperature at the substrate surface sharply increases due to fast heat conduction [10].



However the following temperature drop could be related to the formation of air bubbles (as
shown in Fig. 3b) which isolated the contact between the droplet and substrate. Once the
bubbles detached from the substrate surface, the temperature gradually increased due to
further heat conduction.

Figure 9 compares the splat morphologies on substrates preheated at 27°C, 150°C and 300°C
with the same thermal contact resistance of 1x107 m?K/W. Clearly, the droplet almost
completed solidification at room temperature indicating a rapid cooling rate, which was also
shown in Fig. 8a. The fast growth of the solidification front destabilized the upper liquid flow
(see Fig. 3d) and consumed a large fraction of kinetic energy. Therefore only a short finger
projected away from the main body which had the smallest contact diameter. At higher
preheating temperatures, the solidification process was delayed where a large fraction of
liquid was observed. At 150°C the finger projection was supressed and a perfect disk splat
was formed accordingly. With preheating temperature increasing to 300°C, the droplet
cooling rate was decreased (see Fig. 8a) indicating less consumption of inertial energy.
Therefore, more material was still molten and having a high kinetic energy, promoted some
liquid jetting away further compared with that at room temperature.

Based on the simulation results, on a substrate with a suitable thermal contact resistance (for
example 1x107 m?K/W), a disk-shaped splat was always formed regardless of the preheating
temperature. In reality, some surface adsorbents or moisture adhere onto the substrate which,
on heating, will form a thin gas cushion underneath the molten droplet. Thus the interfacial
thermal contact resistance would be increased, slowing down the solidification process. Disk-
shaped morphologies were observed on substrates even at room temperature when the surface
is cleaned by vacuum [31], laser [32] or thermal treatment [33] which evaporate the surface
moisture. In addition, the solidification process was an important parameter influencing the
splat morphologies. A rapid cooling rate (at room temperature) restricts droplet spreading
diameters and induces liquid instabilities to form finger splashing. A relatively slow cooling
rate at high substrate temperature reduces the consumption of droplet inertial energy, which
ensures some liquid project away from the main body with a high velocity.

3.3 Effect of surface tension

In order to understand the effect of surface tension on droplet spreading, different surface
tension values were selected for simulation and the results are shown in Fig. 10. The values
of 1.8 n/m (We=2355) and 1.647 n/m (We =2574), represented the surface tension at the
melting point and initial droplet temperature respectively. In addition, a small value 1.35 n/m
(We=3140) comparable with Ni20Cr material at its melting point, and a temperature-
dependent surface tension (see Equation. 19 [34] ) were used.

o(T)=1.77-3.3x10*(T —-1728) 1800 K<T<2100 K (19)

Figure 10a demonstrates that increased surface tension supressed material projections at the
maximum spreading diameter. At the lowest surface tension (the highest We ), the high
energy liquid material easily jetted away during droplet spreading and induced more material



loss. Therefore the smallest flattening ratio was observed in Fig. 10b while the ratios were
similar for the other surface tension values. Generally, the surface tension served as the
resistance force in holding the liquid inward during radial flow. At low surface tension, more
liquid overcame the surface tension and flowed away from the droplet. When the surface
tension increased to 1.647 n/m from 1.35 n/m, material projections were greatly restrained
but still generated a short finger at the edge. Once the surface tension increased to 1.8 n/m, a
perfect disk splat was formed. Notably, for temperature-dependent surface tension falling in
the range of 1.647 n/m and 1.8 n/m, liquid jetting occurred at the maximum spreading
diameter. This phenomenon was closely related to the Marangoni convection force due to the
surface tension gradient which generated fluid instability inside the droplet [3]. During
droplet cooling, the surface tension increased from the top part (high temperature) to the
bottom part (low temperature). Thus the Marangoni stress acted from the regions of low
surface tension to that of high surface tension and pulled the liquid downwards. Normally the
Marangoni number (Ma) was utilized to describe the intensity of Marangoni convection,
shown in Eqg. 20. The Marangoni convection increases with the Ma number, but can be
neglected when Ma is smaller than 80-100 [35].

pC D|—

p

‘dG‘AT
Ma= (20)

where D is the spreading diameter and measured to be 200 um, AT is the temperature

distance and measured to be 271 K (when splashing occurred) and ‘g—ﬂ is the surface tension

gradient of 3.3x10™. Therefore the calculated Ma was 124 (larger than 100), indicating
severe internal flow around the edge and large velocity fluctuations. The high velocity liquid
material would be pushed to strike the protuberant solidified layer, triggering material
projects. Two regimes were separated by some researchers to determine whether the capillary
force or viscosity dominated the droplet spreading behaviour. Clanet et al. [36] proposed that

We . . . o
—5 > Lrepresented the viscous regime, while Zhang et al. [29] used the criterion of
Re™

We > 40.0(1—cos ®)Re** to stand for the viscous regime. In this paper, the calculated We

and Re using the above surface tension values suggested that the viscosity mainly controlled
the droplet spreading behaviour. The surface tension alone played little role in changing the
splat spreading diameter. However, the surface tension effect cannot be neglected on
triggering the formation of liquid jetting and secondary droplets. More splats with splashed
fingers were observed for Ni20Cr material as shown in Table 2.

3.4 Effect of contact angle

Figure 11 demonstrates the effect of contact angle on the splat morphologies. Shortly after
impact, the droplet spreading diameters increased at a high speed. At this stage, the spreading
behaviour was independent of the contact angles because the inertial energy dominated the
spreading behaviour. Then the droplet spreading was mainly driven by wetting at the contact



line once the flattening speed of the expanding front slowed. Different splat cross-sectional
morphologies were observed due to the contact angle effect [14]. For smaller contact angles
(<90°), the capillary force tended to accelerate the contact line during droplet spreading. As
the contact angle increased (>90°), the capillary force tended to decelerate the contact line.
Once the contact line pinned at the maximum diameter, some upper liquid material would
project away if the droplet still possessed enough energy (see Fig. 11a). This was confirmed
by Fig. 11b, depicting that a smaller contact angle slightly increased the spreading diameter.
Even though the substrate surface wettability (contact angle) played little role in changing the
droplet spreading behaviour, it did affect the bubble adhesion on the substrate [37, 38]. With
the increased contact angle, the air bubbles tended to remain on the substrate surface, rather
than detaching from the surface. This indicated that good wettability was beneficial for
bubble detachment.

In fact, the contact angles were closely correlated with the droplet surface tension, and varied
with positions along the droplet-substrate interface. Good wetting behaviour enhanced the
thermal contact between the droplet and substrate. Accordingly, the interfacial thermal
contact resistance would be influenced, which further influenced the droplet spreading
behaviour and splat morphologies. As mentioned in section 3.3, low surface tension tended to
promote material jetting and slightly reduce the droplet spreading diameter. However, low
surface tension would generate the small contact angle, which could facilitate droplet
spreading. Thus the reduced droplet spreading diameter resulting from the reduced surface
tension would be compensated, or even improved, by the reduced small contact angles.
Meanwhile, the good interfacial thermal contact accelerated solidification and arrested
droplet jetting. Both factors together contributed to the formation of more disk splats with
relatively large spreading diameters, experimentally observed for plasma-sprayed Ni20Cr
splats as shown in Table 2.

4 Conclusion

The dynamics of droplet spreading on a stainless steel substrate during plasma spraying was
investigated through CFD simulation. The motion of the liquid droplet-air interface and
droplet solidification front and bubble formation were precisely captured. Meanwhile, the
role of the substrate preheating, interfacial thermal contact resistance, the droplet surface
tension and the contact angle on splat morphologies were also studied.

Droplet spreading was mainly driven by the inertial energy before reaching maximum
diameter because of the high velocity impinging conditions. Interfacial heat transfer played a
key role in influencing droplet spreading behaviour. The solidification process occurred
before droplet spreading to the maximum extent on the substrate, even up to a relatively high
thermal contact resistance (1x10° m?K/W in this paper). It would destabilize the upper liquid
flow and induce material jetting, depending on the droplet cooling rate. A large thermal
contact resistance delayed the droplet solidification process and maintained the droplet in the
liquid form. This was beneficial for droplet spreading to a large extent. Under the condition
of a thermal contact resistance of 1x107-5x10"" m*K/W, the predicted droplet flattening ratios
on preheated substrates (150°C or 300°C) agreed well with the experimental results and



Chandra’s model. Importantly, splats of disk shape morphology were formed regardless of
the substrate preheating temperature when a small thermal contact resistance was developed
along the droplet-substrate interface. On the substrate with a high preheating temperature, the
substrate surface was easily melted. Larger We number resulting from a low surface tension
easily provoked material splashing during droplet spreading and generated a relatively
smaller flattening ratio under the same condition of small thermal contact resistance (1x10~
m?K/W). The surface tension gradient inside the liquid droplet induced serious material
jetting due to the Marangoni convection force. In addition, the droplet spreading behaviour
was not very sensitive to the contact angle change under the condition of high cooling rate
due to small interfacial thermal contact resistance (1x10" m?K/W), while a smaller contact
angle promoted bubble detachment.
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Figure captions
Fig. 1. Computational geometry and boundary conditions for simulation of droplet spreading.
Fig. 2. Characterisation of droplet flattening ratios using different grid spacing.

Fig. 3. Droplet spreading, solidification and flow streamlines with time elapse are shown in (a)
while (b) represents the magnified view of areas marked in (a).

Fig. 4. 3D simulation results of splat morphologies, (a) top view and (b) cross section.

Fig. 5. Typical splat morphologies of disk shapes, (a) disk shape with short fingers and (b)
perfect disk shape.

Fig. 6. The evolution of droplet spreading diameter as a function of the thermal contact
resistance at the substrate preheating temperature of 150°C, (a) splat morphology at the
maximum spreading diameter, (b) droplet flattening ratios with comparison of experiments.

Fig. 7. The evolution of droplet spreading diameter as a function of the thermal contact
resistance at the substrate preheating temperature of 300°C with a contact angle of 60°, (a)
splat morphology at the maximum spreading diameter, (b) droplet flattening ratios with
comparison of theoretical models and experiments.

Fig. 8. Temperature evolution of (a) the droplet surface and (b) substrate surface under
different conditions of substrate preheating temperature and thermal contact resistance.

Fig. 9. Comparison of the splat morphology at the maximum spreading diameter on

substrates preheated at different temperatures with thermal contact resistance of 1x10~
2

m°K/W.

Fig. 10. The evolution of droplet spreading diameter as a function of the surface tension at the
substrate preheating temperature of 300°C, (a) splat morphology at the maximum spreading
diameter, (b) droplet flattening ratios.

Fig. 11. The evolution of droplet spreading diameter as a function of the contact angle at the
substrate preheating temperature of 300°C, (a) splat morphology at the maximum spreading
diameter, (b) droplet flattening ratios.
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Highlights

o Droplet spreading behaviour in the plasma spraying process is numerically studied.

e Modelling results are compared to experimental observation of Ni and Ni20Cr splats.
e Interfacial heat transfer is the key factor influencing droplet spreading dynamics.

e Higher We induced by surface tension changes promotes liquid jetting.

e Droplet contact angles play an insignificant role in influencing splat diameters.



