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Abstract: A phase field model enhanced with the shared memory parallelism OpenMP was proposed,
capable of modeling the impact of a heavy metal droplet under practical plasma spraying conditions.
The finite difference solution of the Navier-Stokes equations, coupled with the Cahn-Hilliard equa-
tion, tracks the gas-liquid interface. The liquid fraction, defined over the computational domain,
distinguishes fluid from solid. The model is employed for Ni and YSZ drop impacts after ruling
out the effect of mesh size. The model exhibits a reasonable parallel-computing efficiency, and the
predicted maximum spread factors agree well with analytical models.

Keywords: phase field; heavy metal impact; plasma spraying; multiphase flow

1. Introduction

Phase field modeling, an emerging technique to study phase interface problems, has
attracted a wide spread attention recently [1]. Different from traditional sharp interface
methods that capture an interface of zero thickness, a phase field model, or a descendant
of diffuse interface methods, treats the interface as a thin but finite-sized transition layer
between different phases by using fixed grids. By so doing, it eliminates the need to employ
moving grids to satisfy the idealized delta boundary conditions along an interface; moving
grids are notoriously difficult to implement, especially for complex moving boundary
problems as encountered in droplet spreading and solidification microstructure formation.
Molecular simulations show that there is indeed a finite transition layer over which atom
arrangement in one phase gradually changes into that in another phase. In fact, molecular
simulations are one of the tools used to obtain phase field parameters. From this perspective,
the phase field model, in essence, is a microscopic-physics-based model. In phase field
modeling, a normalized order parameter is introduced, which evolves to track the interface
dynamics [2].

There are two types of formulations in the phase field model: one conservative and
the other non-conservative [3]. The former is called the Cahn-Hilliard (CH) equation,
which describes the evolution of a concentration field in phase change problems [4]. In this
approach, the driving force is derived from a chemical potential and/or convection. The
latter is referred to as the Allen-Cahn equation, which is not conservative and is often used
in solidification modeling [5]. Recently, interest in developing conservative Allen-Cahn
equations to study two-phase flow problems has merited some attention from the research
community [6].

This paper applies the Cahn-Hilliard phase field model to study the problems of drop
impact and spreading. An early work by Jacqmin [7] showed that the CH model can
have the same outer behavior as sharp interface models but that the inner behavior can
be greatly different. He also considered the problem of prescribing contact angles in the
moving contact line within the framework of phase field modeling. His work has motivated
researchers to apply the CH model to study various types of problems associated with
droplet impact and spreading and related solving methods [8-11]. One of the key issues
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involved in how to simulate two-phase flows with a large disparity of density and viscosity.
The use of the CH model is known to result in loss of mass. A remedy was presented
in [12], details of which were not elaborated. Ding et al. [13] also developed a phase
field model for such treatment, and subsequently, many modifications were proposed by
researchers [14-17]. Another issue in the CH model is the selection of phase field mobility.
Yue et al. [18] and Magaletti et al. [19] proposed correlations based on asymptotic analysis
to choose the phase field mobility, but their validity appears to be debatable, and hence the
choice is still empirical. Recently, the phase field Lattice Boltzmann models have also been
developed for flows of large thermophysical property differences [20].

Solidification is another phase change phenomenon, for which phase field models
are also useful. The literature on phase field modeling comes mostly from the materials
research community.

Having reviewed the literature, there appear to be relatively few papers on their
use in drop impact undergoing solidification, despite its engineering significance. Most
of the work appears to have come from the authors’ group. Shen et al. [21] developed
such a model for that purpose, but the model is computationally inefficient as it was
not on a parallel computing platform. Computations, in particular 3D computations,
require a large number of computational resources, which calls for parallel computing
to improve efficiency. This paper presents a parallel implementation of a 3D transport
phenomena/solidification microstructure formation model and applies the model to study
the spreading of a heavy metal (Ni) impact and of Yttria-Stabilized Zirconia (YSZ) impact
while undergoing solidification. Computed results show that for drops of diameter 12 um
and of an impacting velocity of 100 m/s under plasma spraying conditions, solidification
time is about 0.6 us for YSZ and 0.3 ps for Ni. Moreover, Ni drops are prone to be
blocked by solidification while spreading. The findings and models presented should be
of great value in understanding the fundamentals governing the plasma spraying process
and in searching for the optimized design of surface coatings in turbine machines and
aircraft engines.

2. Mathematical Statement

A phase field model for this complex liquid-gas flow was developed in [21], but it was
not run in parallel. This time the model is enhanced with the shared memory parallelism,
OpenMP (version 4.5). Therefore, the governing equations will be briefly reviewed, with
a focus on the implementation of the parallel algorithm. The governing equations are listed
as follows.

2.1. Governing Equations for Drop Impact Dynamics

In Equation (1), c is the phase field, with ¢ = 1 denoting gas and ¢ = 0 liquid herein.
¢ = OF /éc is the chemical potential, where F is the total free energy functional and () /4()
defines the variational derivative [21]. In Equation (3), ¢ V¢ signifies surface tension. S is
a source term and will be defined later. o = u(c) [Vu + (Vu)T} is the Newtonian stress

tensor and g the local gravitational acceleration. Density p and viscosity y have been recast
as functions of the order parameter c.
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The subscripts ¢ and [ indicate gas and liquid, respectively. The liquid fraction A is
defined below

1 T>Ty,+e
A=) T, e < T< Ty e @)
0 T<T,—c¢

where T}, is the melting point of a liquid and ¢ a quite small temperature interval. Moreover,
in Equation (4), cp stands for the heat capacity at constant pressure, T for temperature, and
k for thermal conductivity. L represents the latent heat of solidification.

Flow near a solidifying front is assumed to be a porous media flow. A source term is
thus incorporated into Equation (3).

42
S=Au= —d(;i‘g u (8)

in which d is a rather large number to suppress all the other momentum sources when
the liquid fraction is approaching zero, while b, on the contrary, is a quite small num-
ber to avoid division by zero. The readers are referred to [21] for the explanation of
other parameters.

2.2. Boundary and Initial Conditions

Boundary conditions are implied in Figure 1. Note that only a quarter of computational
domain is calculated. Specifically, XY and ZY are symmetry planes, with all the others
being walls. Homogeneous Neumann boundaries are applied to all the variables, except
the velocity on planes of symmetry and walls and the order parameter c on plane ZX, where
a static contact angle is enforced [7]. Briefly, the order parameter c on the substrate surface
satisfies ¢yan-Vc + f},(c) = 0, where fy(c) = [—7ycosfs(4c® — 6¢% + 1) + Y1 + Y| /2
and n is the unit normal outwards. f,,(c = 0) gives the liquid-solid interfacial tension 7y,
and f,(c = 1) produces the gas-solid interfacial tension y,;, the two deciding the static
contact angle 05 through Young’s equation vy — Y1 = ¥ cos 8s. In addition, ¢ measures
the gas-liquid interfacial thickness, - is the gas-liquid interfacial tension, and & = 6+/2.

wall ——

-8Ax

Figure 1. Schematic of the problem, with the blue denoting substrate.

Thermal contact resistance is taken into account, with a large value between the gas
and the substrate and with a small one between the drop and the substrate. Initially, the
drop is sitting ~8Ax, or 3.2 um, above the substrate, with an impacting velocity ranging
from subsonic to supersonic. The substrate is preheated to 423 K [21], and the drop and
surrounding gas are at the same temperature at the beginning.
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2.3. Finite Difference Solution Enhanced with OpenMP

Discretized with the explicit finite difference method, the governing equations are
solved on a half-staggered grid. The pressure-velocity coupling is decoupled using the
explicit projection method. Central difference and upwind schemes are employed to tackle
diffusion and convection terms, respectively.

Given the large number of grid nodes involved, the inhouse code written with Fortran
is reinforced using the shared-memory parallelism, OpenMP. A final word on the parallel
computing of the pressure Poisson equation. A simple yet efficient parallel version of
SOR (Successive Over Relaxation) based on the Red/Black ordering is utilized, with the
relaxation factor being 1.8 herein. The heat equation, Equation (4), is also solved using
an iterative method. Its serial algorithm was summarized in [22]. The parallel version is
built by adding the OpenMP directives outside the Do loop regardless of data dependency.
Because of the high nonlinearity, an under-relaxation factor of 0.35 is used therein. Moreover,
the commercial software Simply Fortran (version 2.41) is employed to compile and run the
code in a parallel fashion.

3. Results and Discussion

This section begins with a mesh sensitivity study, where the effect of interface thick-
ness or grid spacing is examined. In what follows, emphasis is given to the spreading and
solidification dynamics of YSZ and Ni under different temperatures and impact veloci-
ties. Table 1 gives the thermophysical parameters used in simulations. Thermal contact
resistance is fixed to 1 x 1078 m?-K/W throughout.

Table 1. Thermophysical parameters used in simulations.

Parameters Ni YSZ Air Substrate

Density (kg/ m?) 8900 5890 1.18 8400

Specific heat (J/kg-K) 562 713 1006 575

Thermal conductivity (W/m-K) 71.8 2.32 0.0263 18.8
Viscosity (mPa-s) 6 27.8 0.0185 -
Surface tension (N/m) 1.8 0.43 - -
Latent heat of fusion (kJ/kg) 292 707 - -
Melting point (K) 1726 2923 - -

3.1. Mesh Sensitivity Study: Subsonic YSZ Drop Impact

In phase field modeling, the Cahn number (Cn = ¢/D) gives the relative importance
of interface thickness, measured by ¢, and certain characteristic length scales, for instance,
drop diameter D. This section thus examines the effect of mesh size, or interface thickness ¢,
on the numerical outcome. It is noted that ¢ is adjusted linearly with respect to mesh size,
denoted by Ax, if a Cartesian grid uniform and equal in all directions is employed. Notice
also that in all the cases, ¢ = Ax/2, indicating that 4~5 grid points span the diffuse interface
layer, if defined as 0.05 < ¢ < 0.95. Moreover, there are 15, 30, and 60 cells across drop
diameter, respectively, in Figure 2. Numerical configurations are as follows: Drop diameter
is 12 um and the impacting velocity is 100 m/s. The contact angle is set to 140°. The
readers are referred to [21] for details. The time step At is chosen out of the CFL condition,
where At~Ax/V yax, with V. being the maximum global speed. A simple calculation gives
At~10719 s for the coarse and medium grids and At~10~!! s for the fine grid.

A first glance tells that no obvious discrepancy exists in droplet profile, even for the
coarse grid of Cn =1/30. At 0.1 ps, the droplet is involved in the early spreading process,
but it has completed the spreading phase before 0.3 pus. Subsequently, under the combined
action of surface tension and solidification, its profile changes little. Figure 3 displays the
temperature distribution for Cn =1/30 and Cn =1/60 at 0.6 ps.

Figure 4 shows the comparison of spread factors under different Cn. The spread factor
is defined as the ratio of the changing drop diameter to its initial diameter. Notice that the
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changing drop diameter is tracked along the positive x axis. Since time is counted when
the drop is released above the substrate, the symbols in Figure 4 all have a discontinuity.

0.1 ps 0.3 ps 0.6 us

Figure 2. Mesh independence test: spreading and solidification.

(a) Cn=1/30 (b) Cn=1/60

Figure 3. Temperature distribution for (a) Cnn = 1/30 and (b) Cnn = 1/60 at 0.6 us. The white contour
denotes drop profile and the temperature is measured in K. The substrate surface is denoted in black.

4

351

L
L

el
w

Spread factor
P

15
1F O Ce=1/30
: O Ca=1/60
0.5F A Cn=1/120
: 1 L L I 1 1 1 ] L 1 1 l I
0§ 0.2 04 06 08 ;
Time (us)

Figure 4. Spread factor evolution for the mesh independence test.

Figure 4, however, unveils evident disagreement among various Cn. For the coarse
grid of Cn = 1/30, the maximum spread factor is 2.4, and for the medium grid of Cn = 1/60,
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itis 2.73, and for the fine grid, it is 2.9. The largest relative error is about 20.83%. In this YSZ
drop impact, the Reynolds number, measuring the relative importance of inertial force and
viscous force, Re = pVD/y, turns out to be 254.24. In the literature, a number of empirical
formulas have been proposed to predict the maximum spread factor, with the aRe’ type for
inertia-dominated impacts [23]. Using this correlation, it is found that satisfying agreement
could be achieved if 2 = 0.925 and b = 0.2, such a combination yielding a maximum spread
factor of 2.80, which is quite close to the numerical prediction with Cn = 1/60 and which is
not far away from the case with Cn = 1/120. However, given the formidable, demanding
resources for 3D calculations and computational efficiency, the grid of Cn = 1/60, or
Ax = 0.4 um, is utilized throughout the paper.

Another matter of concern is the phase field mobility M, which has not been under-
stood fully up to this point [19]. It may be seen as the mass diffusivity in Fick’s law. The
choice of M is tricky, as it cannot be too large or too small. In the former case, mass diffusion
may dampen mass convection, thus smearing the interface and causing severe mass loss; in
the latter case, it may bring about unwanted deformation or computation difficulties [24].
Herein, the correlation proposed by [18] is adopted, where M~16&2/ e, with p, = VHilg
being the effective viscosity.

3.2. Efficiency of Parallel Algorithm

The parallel algorithm developed is to be tested in this section. The YSZ impact
with Cn = 1/60 in Section 3.1 is studied. In that case, the number of total grid points is
66 x 46 x 66. The time per output with different computation cores is given below in
Figure 5. Herein, the time interval of 1 us is divided into 80 subintervals, and after each
subinterval, a file will be output. It is to be noted that the working station has only
24 physical cores, but with the Hyper-Threading technique, a total of 48 visual cores is
available. The number of cores in Figure 5 refers to that of visual cores.

50

I I 1
O 10

30 35

Time per output/s
[ ) 'S
[=] o o

=
o

umber of cores

Figure 5. Efficiency of the parallel algorithm.

Figure 5 shows that with the increase in core numbers, time reduction is satisfying only
at the beginning. Moreover, when the core number reaches or comes beyond 8, the time per
output is nearly constant. This is because of the overhead in the master thread’s waiting
for other threads when a parallel region is ended, and a serial region is to be encountered.
Moreover, the number of grid points in testing the parallel efficiency is about 0.2 million,
which may not be sufficient to bring out the advantages of the model. Given this, the
speed-up of two is still acceptable.
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3.3. Solidification Impediment for Drop Spreading

Compared with YSZ, which is used as a coating material in aircraft engines or turboma-
chines, Ni has a larger thermal conductivity, a lower viscosity, and a much higher surface
tension coefficient. On the contrary, YSZ has a smaller thermal conductivity, a higher
viscosity, and a moderate surface tension coefficient. These differences may lead to distinct
spreading and solidification behaviors under practical plasma spraying conditions. For
YSZ drop impact, solidification is safely assumed to occur after spreading is complete [21].
Even if a little portion of melt close to the substrate has been solidified during spreading,
fluid flow is not influenced dramatically as if the drop spread without phase change.

This section examines the effect of solidification on the spreading dynamics of YSZ
and Ni drops. In order to control the rate of solidification, a number of factors could
be adjusted, such as drop temperature and thermal contact resistance. Herein, the fo-
cus is placed on drop temperature with the thermal contact resistance being fixed to
1 x 1078 m?-K/W, indicating perfect contact between a drop and a substrate [25]. As the
substrate is preheated, the adsorbed matter evaporates, resulting in a cleaner substrate
surface, which will help produce dislike splats [26]. Moreover, the drop diameter is 12 um,
and the impacting velocity is 100 m/s. Figure 6 describes a sequence of snapshots showing
drop profiles at different instants.

0.03 s 0.1 ps LS 0.6 us

@ © @ @
Q) @& @ (O
= -

Figure 6. Solidification arresting Ni drop spreading.

When the initial drop temperature is set to 1800 K, a little higher than its melting
point, a pancake splat is formed. Nevertheless, when the temperature is raised to 3000 K,
much higher than its melting point, a splash occurs, and the drop disintegrates eventually.
Herein, splash is not defined as the jetting of small droplets as in other studies [27] but as
“jumping of the rim” [28]. To anatomy the effect of solidification, the cross-section view is
provided in Figure 7, where the blue, corresponding to A < 0.5, denotes the frozen portion,
and the white, demarcating the drop and the gas, corresponds to ¢ = 0.5.

1800 K 3000 K

0.03 ps

0.1 ps

0.3 ps

0.6 ps

Figure 7. Evolution of spreading and solidification for Ni drop at different initial temperatures. The
white iso-contour is of ¢ = 0.5 and the blue indicates the frozen portion.
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At 0.03 ps, when the drop just begins impacting the substrate, its bottom deforms
because of a high stagnation pressure developed around the impacting center due to gas
viscosity and the no-slip condition imposed on the wall. At that time, the gas gap separates
the drop from the substrate, excluding the possibility of heat transfer, let alone phase
change. The gas beneath the drop is compressible, and it will be trapped between the
drop and the substrate [29]. Air trapping is bound to happen in liquid-solid impacting.
The trapped gas will then shrink into a bubble to minimize surface area. The volume
of the bubble is on the order of magnitude of R3St*/3, where St = He/p1VR is the inverse
Stokes number [30]. It is approximately 10~2% m3, too tiny to be accounted for in phase
field modeling. Thus the effect of air bubbles is neglected. As time goes on to 0.1 ps, the
case at 1800 K has seen a portion solidified, while the case at 3000 K witnesses no portion
frozen. The drop at that time is involved in the spreading process. In other words, for
Ni drop impact at 1800 K, solidification actually takes place during the spreading phase.
With solidification progressing, the drop profile differs greatly at 0.3 ps, when the case
at 1800 K has been frozen almost completely, with a little portion on the rim unsolidified.
Moreover, the top surface is even, and the splat is of uniform thickness. On the contrary, the
drop at 3000 K is flattened to a large degree, and the rim is obvious thicker due to surface
tension. This could demonstrate that the spreading phase has been completed or is close to
an end, and that surface energy, converted from kinetic energy, has attained an upper hand.
Moreover, no portion is solidified up to this point for this case. Eventually, the drop at
1800 K solidifies fully before 0.6 us, and the drop at 3000 K splashes, with two rims ejected
on the substrate. To quantitatively describe the difference between these two cases, Figure 8
compares the spread factors.
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Figure 8. Spread factor evolution for Ni drop at different initial temperatures.

Figure 8 shows that with a lower drop temperature, solidification could effectively
inhibit drop spreading. The maximum spread factor is about 2.3. However, for the case
at 3000 K, the maximum spread factor comes much higher because of splashing. It is
noticeable, however, that before 0.2 s, the spread factor evolution is nearly the same, and
according to Figure 7, solidification actually occurs for the case at 1800 K. This further
clarifies the relative importance of solidification and fluid motion: Even if solidification is
fast, its effect could still be neglected during some time interval. The theoretically predicted
maximum spread factor, based on 0.925Re%2, turns out to be around 4.13, indicating that
solidification arrests fluid motion for the case at 1800 K.
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In order to check the role of solidification in the spreading of YSZ drop, a simulation
was run with YSZ drop at 3000 K and impacting with 100 m/s onto a wall preheated to
423 K. The numerical outcome is provided in Figure 9.

1 us

Figure 9. A sequence of snapshots of YSZ drop spreading and their cross-sectional views.

At 0.1 ps, the drop just touches the substrate and, driven by a pressure gradient, makes
its way horizontally. Pasandideh-Fard et al. [31] proposed a correlation to predict the time
when the drop hits the maximum spread factor, with the critical time t* = tVo/Dy = 2.67.
Simple conversion gives t = 0.32 us, which is rather close to the numerical prediction, as
derived in the spread factor evolution for this case with Cn = 1/60 in Figure 4. When time
progresses to 0.3 us, only a small portion turns solidified. Hence, though solidification
occurs as early as in the spreading phase, it could not inhibit YSZ drop spreading because
of a lower heat transfer rate. Subsequently, with the combined action of surface tension and
solidification, the drop profile takes on a pancake shape but with a thickened rim, which
is visually recognizable. This could still be ascribed to a lower heat transfer rate so that
surface tension could have time to round and thicken the rim. The total solidification time
could be estimated from a correlation in [32].

e (ot oo ©

b= (Tin—Tsup)

where y; = 0.0012 m/s-K is the kinetic coefficient [33], h; = 108 W/m?2-K heat transfer co-
efficient, kg, thermal conductivity of the substrate, H substrate thickness, J splat thickness,
T the melting point, and Ty,;, substrate temperature. In this simulation, H~10 pm, ~1 pm.
Substitution into Equation (9) yields t~1 ps, confirming the validity of the proposed model.
Figure 10 gives the velocity field at particular instants.

Figure 10. Velocity field at (a) 0.1 us and (b) 0.6 ps for the YSZ drop impact.
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Figure 10 shows that at 0.1 pus when the drop just starts the spreading process, there
is a vortex around the spreading front. This is because as the spreading front penetrates
farther into the gas, the gas above the spreading front would be accelerated via its viscosity.
Another vortex is found near the upper border. This is due to the existence of the vortex
previously mentioned. When time progresses to 0.6 us, nearly half the drop has solidified,
and the number of vortexes increases to three since the spreading front acts like a vortex
shedding tool herein.

To sum up, a distinct difference exists between Ni and YSZ drop impacts under
practical plasma spraying conditions. Solidification could be neglected during YSZ drop
impact because of a lower thermal conductivity, while it must be taken into consideration
for Ni drop impact due to a much higher heat extraction rate from Ni drop to the substrate.

3.4. Effect of Velocity on Droplet Spreading

In the last section, attention is riveted to the role of solidification in drop-spreading
dynamics. Through the comparison of Ni and YSZ drop impacts, it is found that solidifica-
tion exerts no obvious effect on YSZ drop spreading. Herein, emphasis is placed on the
effect of kinetic energy on drop spreading. Figure 11 delineates the YSZ drop profile under
different impacting velocities at various instants. The drop diameter is still 12 um, with
an initial temperature of 3000 K.

0.3 us 0.6 us

100 m/s

200 m/s

300 m/s

400 m/s

500 m/s

Figure 11. Effect of velocity on YSZ drop spreading.

Usually, with increased kinetic energy, the drop would extend farther. In the first
column in Figure 11, the drop is involved in different phases, with the 100 m/s case being at
the initial spreading stage and the 500 m/s being close to the end of spreading. Notice that
the rim is thickened only for the 500 m/s case. As time progresses to 0.3 ps, the spreading
phase is ended, with the thickened rims observed almost in all the cases, except the
100 m/s case, which is still spreading. Splashing occurs only for the 500 m/s impact. The
splashing herein is not about the jetting of small droplets off the rim, as stated before. For
phase-field modeling to capture daughter droplets in three dimensions, the mesh should be
fine enough to resolve the smallest length scales. The computation demand is thus nearly
formidable to date, even with the advanced strategy of adaptive mesh refinement or of
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GPU computing [34]. At 0.6 ps, the drop completes spreading in all the cases, and its profile
changes little.

Figure 12 tells the spread factor evolution for different impacting velocities. The
maximum spread factor increases with respect to the impacting velocity. The maximum
spread factors are tracked to be 2.73, 3, 3.13, 3.27, and 3.43, all within 15% of the theoretical
predictions of 0.925Re%2. For the spreading diameter is tracked only in the x direction, or
precisely the positive x axis, the plummet of it for the 500 m /s is understandable accordingly.
Moreover, with increased impacting velocities, the critical time hitting the maximum
spreading factor is also evident in Figure 12. After hitting the maximum extent, the spread
factors are kept fixed, indicating that solidification works to inhibit drop spreading.
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Figure 12. Spread factor evolution for YSZ drop at different velocities.

To summarize, for YSZ drop impact under practical circumstances, phase field model-
ing could capture the spreading and splashing dynamics, and solidification works mostly
after spreading but before retracting so that further rebounding is inhibited.

Next, attention is directed to Ni drop impact, which has a higher Reynolds number
due to a larger density and a smaller viscosity. It is noticed that the drop diameter is the
same as the YSZ drop and that the initial temperature is fixed to 1800 K. Other numerical
configurations are unaltered, with the numerical outcome given in Figure 13.

100 m/s o

200 m/s

300 m/s

400 m/s Q

500 m/s

Figure 13. Effect of velocity on Ni drop spreading.
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Figure 13 displays a much faster spreading process for Ni drops. Solidification com-
pletes within 0.3 ps, only half of that for YSZ drops. Splashing is also observed for the
500 m/s case. It may be initiated at 0.07 us when four slits emerge along the rim. As
the drop is still with impelling kinetic energy, the melt along the rim is ejected, leaving
a square-like splat at 0.3 ps. In the last column, the final splat profile takes on a square
shape for the 200 m/s to 400 m/s cases. Though overall speaking, the splat resembles
a square, its core still takes on a circular shape. If the portion beyond the inner core is
completely ejected, then the final splat is disk-like as well.

It is probable that this special splat shape is due to the combined action of solidification
and fluid motion. If the fluid motion is not impelling, such as in the 100 m/s case, the
final splat morphology is still circular. If it is energetic, splashing will occur, resulting in
a fragmented shape as in the 500 m/s case. Nevertheless, the inertial force is not as strong
as expected, and fluid motion is only partially restricted by solidification, leading to such
a square-like splat.

Figure 14 shows the spread factor evolution for different impacting velocities. The
maximum spread factor increases with respect to the impacting velocity. Interestingly, the
maximum spread factors are almost equal for the 300 and 400 m/s cases. The maximum
spread factors are tracked to be 2.33, 3.4, 4, 3.8, and 2.87, all deviating much from the
theoretical predictions of 0.925Re%2. It thus demonstrates this correlation could only be
applied to cases without significant solidification.
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Figure 14. Spread factor evolution for Ni drop at different velocities.

4. Conclusions

A parallel version of a phase field model for heavy metal impact under practical
thermal spraying conditions was proposed. The major findings are as follows: The model
exists with sound parallel efficiency; Solidification inhibits Ni drop spreading under practi-
cal circumstances while exerting few effects on YSZ drop spreading because Ni is more
thermally conductive. For drops of diameter 12 um and of an impacting velocity of
100 m/s, solidification time is about 0.6 us for YSZ and 0.3 ps for Ni. The predicted
maximum spread factor for YSZ drop impact agrees quite well with existing theoretical
predictions. The time to hit the maximum spread factor is on the order of magnitude of
0.1 ps for the conditions considered in this paper. Moreover, splashing could be captured
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using this model, even if in the form of a jumping rim, and data dependency in parallel
computing is tolerable in this study.
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