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Abstract: During the process of laser cladding IN718/WC composite coatings, the dissolution and
metallurgical reaction of WC particles significantly influence the microstructures of the coatings.
However, the limited experimental methods restrict direct observation and prevent a deep under-
standing of this complicated process. Therefore, a novel numerical model for the solidification process
of IN718/WC composite coatings was proposed. The model was established with the coupled multi-
phase-field model and lattice Boltzmann method. Different kinds of microstructure around WC
particles were simulated by the model and verified by experiments. Subsequently, microhardness
and wear tests were carried out to investigate the improved mechanical properties of IN718 coatings
reinforced by WC particles. The results show that the cellular alloy reaction layer, IN718 grains, and
eutectic structure are formed, in turn, around WC particles. The convection in the laser molten pool
can induce double-tail-like or spindle-like WC convection diffusion bands. The hardness of these
bands is higher than that of the IN718 matrix. More importantly, WC convection diffusion bands
can inhibit the growth of columnar crystals, because the dissolved WC can decrease the freezing
temperature of the melt. Finally, mechanical property tests show that WC particles increase the
hardness of the coating and significantly improve its wear resistance.

Keywords: phase-field; IN718/WC composite coating; laser cladding; microstructure

1. Introduction

Laser cladding technology is widely utilized in the aerospace, ship building, and
automobile industries. It uses high-energy laser beams to melt powders and make them
metallurgical combined with a matrix [1,2]. IN718 alloy has been frequently used in laser
cladding due to its good mechanical properties and corrosion resistance [3,4], whereas
its hardness and wear resistance are limited. The addition of a reinforcement phase is
an effective method to improve the mechanical properties of the metal matrix [5]. For
example, WC is an ideal reinforcement material for IN718 due to its high melting point,
high hardness, and good wettability with Ni-based alloys [6,7].

In the high-temperature laser molten pool, WC particles dissolve and metallurgically
react with the IN718 matrix, which significantly influences the microstructures of the
IN718/WC composite coatings [8]. Meanwhile, the convection in the laser molten pool
has an important effect on these processes. Experimental research has revealed some of
these influences. Due to the dissolution and decomposition of WC particles, various kinds
of microstructure are formed around WC particles, such as a cellular alloy reaction layer,
eutectic structures, and carbides [9-11]. The generated graphite reacts with oxygen in the
atmosphere and forms CO and CO,, which are the sources of gas porosities. Meanwhile,
WC particles could limit the escape of gas [12,13].
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However, the randomness and complexity of the experimental results make it difficult
to systematically investigate the effects of WC particles on microstructures under different
solidification conditions. Additionally, it is difficult to reveal the formation mechanisms
of certain microstructures with the limited experimental methods available. Fortunately,
numerical simulations can make up for these deficiencies. At present, some microstructure
simulation methods, such as phase-field modeling [14,15], cellular automata [16,17], and
the envelope mesoscopic model [18,19] are available. Compared with other methods, phase-
field modeling is outstanding due to its thermodynamic consistency [20] and avoidance of
explicit interface tracking [21].

Recently, some scholars applied phase-field modeling to the investigation of mi-
crostructure evolution in laser additive manufacturing. Xiao [22] developed a multiscale
model by integrating the macroscale mass and heat transfer model and the microscale
phase-field model and explored the primary dendritic arm spacing of the columnar den-
drites in laser additive manufacturing. Acharya [23] predicted the microstructure in the
laser powder bed fusion process by phase-field simulations, including element segregation,
dendrite size, and dendrite orientation. Liu [24] coupled phase-field modeling and the
thermal lattice Boltzmann method to simulate the microstructure evolution during rapid
solidification and revealed the importance of latent heat to the formation of secondary arms.

In previous modeling works, the solidification of IN718/WC composite coatings
has not been analyzed by phase-field simulations, and most of the developed phase-field
models are single-phase models, which cannot be used to solve problems involving multiple
thermodynamic phases. Thus, a phase-field model that can be used for this type of research
remains to be built.

In this work, a novel numerical model was proposed for the solidification process of
IN718/WC composite coatings. The model was established by the coupled multi-phase-
field model (MPF) and the lattice Boltzmann method (LBM). The effects of WC particles
on the microstructures of IN718/WC composite coatings fabricated by laser cladding
were investigated through phase-field simulations and verified by experiments. First,
different kinds of microstructure evolutions around WC particles were simulated. Then,
the effects of the convection on microstructure evolution, including the formation of WC
convection diffusion bands (WCCDB) and the nonuniform growth of cellular structures,
were discussed. More importantly, the inhibition effect of WCCDBs on the growth of
columnar crystals was analyzed in detail. Finally, microhardness and wear tests were
carried out to investigate the improved mechanical properties of IN718 coatings reinforced
by WC particles.

2. Model Development

The numerical model includes two components: two thermodynamic phases and fluid
flow. The IN718/WC composite coating is treated as an Ni-WC binary eutectic system
by neglecting the chemical reaction and simplifying IN718 as pure Ni. Thus, interactions
involving other elements in the IN718 alloy, such as the segregation of Cr, cannot be
reflected in this model. The numerical model was established using the coupled MPF-LBM
method, in which the MPF model simulates the phase evolution and solute transport,
while the LBM determines the convection velocity. The physical fields involved include
the phase field, solute concentration field, temperature field, and velocity field, so the
solid-liquid phase transition, the solute transport, the temperature variation, and melt
flow can be considered. In the temperature field, the latent heat is neglected, because the
thermal diffusivity is 3-5 orders larger than the solute diffusivity in liquid [25]. Therefore,
the linear temperature field is employed; this includes the linear cooling rate and linear
temperature gradient.

2.1. Multiphase-Field Method

The MPF method is employed to determine the solid-liquid phase transition and the
solute transport problems in simulations. The MPF method has multiple-order parameters



Coatings 2023, 13, 432

3 0f20

and is able to calculate phase evolutions of multiple thermodynamic phases simultaneously.
The MPF model employed in this work follows the method described in [26]. The total free
energy of the simulation domain consists of the interfacial free energy and the chemical
free energy and is represented as follows:

F= /Q{fINTF(q)l,CDz’“_’q)N) + M (@, @, Dy, c)}dv 1)

where (), ®(x,t), and c(x,t) are the calculation domain, the order parameters, and the
concentration field, respectively. The interfacial free energy density is

a,f=1..N 4 2
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where 04 is the interfacial energy between phases a and 3 and is usually anisotropic. In
addition, 7 is the finite interface width, and @« is the order parameter of phase «, which
indicates the local phase fraction of phase «.

The chemical free energy density is

fCHEM Z q)(XftJ( sz + Ale
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where c is the solute concentration of phase «, f «(c«) is the bulk-free energy of phase «,
and A is a generalized chemical potential to ensure the mass conservation of the total solute.

Two different anisotropic interface energy expressions are applied, because phase
5-WC is a hexagonal close-packed phase, while phase y-Ni is a face-centered cubic phase.
The interface energy of 5-WC is expressed as [27]

Oup = (T;‘B ’ [l + Ohex COS(69)] 4)

where (T*,X/g and Jpey represent the interface energy coefficient and the anisotropy coefficient,
respectively. Meanwhile, 6 is the angle between the surface normal and the first prismatic
direction and can be solved by 6 = arctan( ny/nx), where 1, and n, are components of the
unit normal vector at the interface. Meanwhile, the interface energy of y-Ni is expressed as

Oup = U;ﬁ “[1 + Jfec - cos(40)] ®)

The final evolution equation for each order parameter is
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where M, is the interface mobility between phases o and f3. & is the noise term, which is
a uniformly distributed random number in the range of —0.4 to 0.4 [15]. N is the number of
order parameters that can affect phase o at position x. Agyp is the thermodynamic driving
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force between phases « and (3, which represents the effect of the solute concentration at
the interface.
The evolution equation for the concentration is

ac(x, t) N NN
> +v-Ve(x, t) Z (®yDyVey) + ; ; (10)
Dy = D0 - et (11)

where v is the melt flow velocity, which is determined by the LBM. ]« is the antitrapping cur-
rent. D is the temperature-dependent solute diffusion coefficient expressed in Equation (11).
Dg, Qu, R, and T are the diffusion constant, the activation energy, the ideal gas constant, and
the temperature, respectively.

Equations (6) and (10) are the governing equations of the MPF, which need to be
discretized by an explicit first-order scheme [26]. The discretized time step is At, and the
discretized space interval is Ax.

2.2. Nucleation Model

Nucleation plays a significant role in microstructure evolutions, as it controls the sizes
of grains and the growth of eutectic structures. The nucleation model used in this work
follows that described in [28]. First, nuclei points are generated randomly according to the
nucleation density. Then, the thermodynamic driving force Agp of each point is calculated.
When Agyp is higher than the minimum nucleation driving force, and the volume fraction
of the melt exceeds 30%, the program will generate the corresponding phase.

The nucleation of 5-WC and y-Ni in the melt was considered through simulations.
Nucleation was conducted three times during a simulation, including at the freezing
temperature of 5-WC, at the freezing temperature of y-Ni, and at the eutectic temperature.
The nucleation parameters are shown in Table 1.

Table 1. Nucleation parameters.

Nucleation Density Value Nucleation Temperature
Particle density of 6-WC in the melt 2 x 10 m=3 3070 K
Particle density of y-Ni in the melt 5x 101 m—3 1735K
Particle density of 5-WC in the melt 5x 1010 m~3 1600 K

2.3. Lattice Boltzmann Method

The LBM method is employed to solve the melt velocity term in Equation (10). Com-
pared with computational fluid dynamics (CFD), LBM is known for its excellent conver-
gence and parallel computing ability. Therefore, it is applicable for solving incompressible
flow problems in phase field simulations.

The LBM is a mesoscale method in which fluid is replaced by distribution functions of
fractious particles [29]. The evolution equation of distribution functions is

fil (o, 1) — fi(x 1)
T

fr(x+ LAt t+ At) = fi(x,t) + + E(x, £)At (12)
where fi(x,t) is the kth distribution function at position x and time moment f, while
fr(x + L At,t + At) represents the kth distribution function at position x + [ At after time step
At. Equation(12) is split into Equations (13) and (14) for the convenience of calculation
and comprehension,

fe (e 8) = fie(x, £) +

f;q(x, t)T—fk(x/t) + Fe(x, £)At (13)
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felx,t) = f (x = AL ) (14)
with the relaxation factor T being solved by Equation (15),

3v

U= At

405 (15)

with the kinematic viscosity v, the lattice velocity I = Ar/At, the lattice interval Ar, and the
time step At. I equals 1 in the model. The equilibrium distribution function flfq is expressed as

2
g 2
Bl - Uliguid + 9(lk ulzquzd) _ 3uliquid

o= 1 1
fk Pwk + l2 214 2l2 ( 6)
Fy(x,t) is the discrete external force and is given by [30]
1 3(lk - uliquid) Il - Uiiguia
Fk = <1 — 2T>wk 2 + /A lk -F (17)
F = pg (18)
Only gravity is considered in F, and g is the gravitational acceleration, while p is the

fluid density.

The D3Q27 model is adopted to allow 2D and 3D simulations.

Macroscopic properties of fluid, including the density p and the momentum pu;;g;4,
are calculated by f,

p=2fx (19)
k
At
Pujiguia = Y Ikfi + - F (20)
k

2.4. MPF-LBM Algorithm Implementation

The algorithm structure of the MPF-LBM model is shown in Figure 1. It introduces
the calculation sequence of each physical field and the information flow between fields.
The algorithm was built on the basis of the open-source phase-field simulation toolkit
OpenPhase [26]. The visualization and analysis of the calculation results were processed
with the open-source visualization tool Pareview.
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Figure 1. The flow chart of the MPF-LBM simulation algorithm.
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3. Simulation Results and Discussion
3.1. Simulation Parameters
3.1.1. Solidification Conditions and Parameters of the Phase-Field Simulation

The temperature parameters involved in this simulation referred to the numerical
results of a molten pool [31-33], because the temperature distribution in molten pools is
hard to measure directly. As a result, the cooling rate was set to 5000 K/s. The highest
temperature in the simulation domain was set to 3100 K, which is close to the melting point
of WC. The heating rate was 24,000 K/s [31], and heating lasted for 25 ms. The temperature
reference point was set at the center of the simulation domain. The temperature variation
during the whole simulation is shown in Figure 2.

30
13100 [

3000 \3070 K, 3-WC nucleate §
) - 20 -
: :
g 3
E I 10 q;
@ =
e )
£ [ =
D ol
= -0 3

] 1735 K, y-Ni nucleate> [ 8

1500 - 1600 K, eutectic nucleate/\: 10

TTTTTTTT L R B T -

T T
0 50 100 150 200 250 300 350
Time(ms)

Figure 2. Temperature variation in phase-field simulations.

Three cases of solidification were simulated in this work. The solidification conditions
used are shown in Table 2.

Table 2. Solidification conditions used in the simulations.

Section Convection Direction Temperature Gradient
3.2 along the X-axis 0
3.3 along the X-axis 1 K/pm, along the Z-axis
3.3 along the X-axis 1 K/pm, along the X-axis

The size of the simulation domain was 120 um x 120 um. The number of grids was
240 x 240. The grid spacing was 0.5 pum. The initial condition of the phase field is shown in
Figure 3. An WC particle, 80 um in diameter, was set at the center of the simulation domain,
and the rest was the melt. The WC concentration was 99% in the WC particle and 12%
in the melt. Some of the phase-field parameters referred to the Al-Mg binary system [28]
and the Ti-6Al-4V pseudo binary system [24], including the interface energy, the interface
mobility, and the anisotropic interface energy. The parameters used in the simulations are
listed in Table 3.

3.1.2. Eutectic Phase Diagram Used in the Simulations

The phase diagram used in the simulations was the pseudo binary diagram of the
WC-(Fe, Co, Ni) system [36]. After linear processing, the Ni-WC binary eutectic phase
diagram shown in Figure 4 was obtained; detailed information about the points and lines
is provided in Table 4. In Figure 4, the solid solution of WC in Ni is known as y-Ni, and the
solid solution of Ni in WC is known as 5-WC. The maximum Ni concentration in §-WC
was increased artificially to allow the convergence of simulations.
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Periodic boundary condition
Temperature: 2500K

X
WC particle 10
0.9 =
0.8 &
C 07 g
Temperature 06
. =
reference point 05 3
Q
— 04
0.3 E
—02 2
—0.1 g
—0.0 A«
Figure 3. Initial conditions.
Table 3. Parameters used in the simulations.
Symbol Description Value Reference
Ax Grid spacing 5x 1077 m [28]
n Interface width 4.5Ax m [28]
At Time step (5~25) x 1077 s [28]
oy 8 Interface energy coefficient 0.09 J/m? [28]
Otec (y-Ni)—melt interface anisotropy 0.1 -
Shex (6-WC)—melt interface anisotropy 0.1 -
M.y Nimelt (y-Ni)—melt interface mobility 1x 108 m#/(-s) [24]
Ms-We melt (5-WC)—melt interface mobility 1x108m*/(J-s) [24]
Mgp Other interface mobility 1x 1072 m?*/(-s) [24]
Domel ; Diffusion coefficient of WC in the melt 4054 x 1075 m?/s [34]
Quelt Diffusion activation energy of the melt ~ 3.307 x 10° J/mole [34]
Dy Ni Diffusion coefficient of WC in y-Ni 1x 10~ m?2/s [35]
Ds.wc Diffusion coefficient of WC in §-WC 1x 10" m2/s [35]
v Kinematic viscosity 1.0 x 1077 N-s/m? -
3000 DA
2800 liquid -
2600 -
£ 2400 - C _
(%] 1 L \\ L
E 2200—_ , \\\\\ N
£ 2000 - -
£ 1800 JA
E ] id + y-Ni < liquid +5-WC
= 16001, 3-WC|
1400 B
1200
1000

0 10 20 30 40 50 60 70 80 90 100
Concentration_WC (at%)

Figure 4. Ni-WC binary eutectic phase diagram.
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Table 4. Parameters used in the simulations.

Symbol Description Value Symbol Description Value
Cy-Ni,melt Point A 0 at% mmelw_Ni Line AB —5.67 K / %
T‘y-Ni,melt Point A 1770 K My Ni,melt Line AE —17K/%
Cé-WC,melt Point D 100 at% mmelt/é_wc Line BD 21.57 K/O/o
TS—WC,melt Point D 3110K mé_wcrmelt Line FD 75.5 K/O/o
Cy—Ni,é—WC Point C 42.55 at% M Ni, 5-WC Line EC 23 K/%
Tfy_Niré_WC Point C 2348 K M§-WC,y-Ni Line CF —20K/%

3.2. Solidification under Convection

Figure 5 shows the microstructure evolution around the WC particle under convection.
Critical points of the solidification are shown in this figure, including the maximum
temperature (3100 K), the freezing temperature of y-Ni (1757 K), the eutectic temperature
(1602 K), and the final temperature (1517 K). In the phase-field images, the melt is blue, the
5-WC phase is red, and the different grains of y-Ni are distinguished in green to brown.
The interfaces between the different phases and grains are marked with black lines. The
streamlines and arrows represent the velocity of the melt. The sizes and colors of the arrows
are determined by the velocity. For the convenience of explanation, each direction of the
WC particle is shown in Figure 5(al), in which the upstream side is defined as the front of
the WC particle.

134
I: 120

— 100
right

ml«—[—rhack

— 80

— 60

40
[ 20
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1.0
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0.6
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— 04
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— 0.0

=
£
2
£
3
=

Grain ID of y-Ni

100
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[20
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—0.0012
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0.0004
0.0002
0.00000

Figure 5. Simulation of the microstructure evolution around the WC particle under convection,
(al-a4) phase field; (b1-b4) WC concentration field.
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In Figure 5(al), at a temperature of 3100 K, the WC particle becomes smaller under
the combined effect of dissolution and melting. The velocity distribution around the WC
particle is spindle-like, which is similar to the flow around a circular cylinder at a low
Reynolds number [37].

In Figure 5(a2), at a temperature of 1757 K, the WC particle has experienced partial
melting and resolidified with new nuclei. The cellular structures can only be observed in
the front and back of the particle. The flow velocity on the left and right sides of the particle
is large, which causes the elements around the interface to be uniformly distributed and
inhibits the formation of cellular structures. The flow velocity in front of the WC particle
and behind the WC particle is low, which means that the downstream and upstream
cellular structures are barely affected by the convection, allowing them to grow normally.
Dissolved WC flows backwards, which makes the downstream cellular structure larger
than the upstream structure. Figure 5(b2) shows that convection induces the WC convection
diffusion band (WCCDB), whose effect is illustrated in the next section.

Figure 5(a3) shows that, at a temperature of 1602 K, y-Ni grains have almost finished
solidifying, and the temperature is close to the eutectic point. y-Ni grains are equiaxed with
a little 5-WC scattering inside them. The expelled WC accumulates at the grain boundaries
and forms some intercrystalline 6-WC. The remaining melt is double-tail-like under the
effect of convection. The end of the tails exists in front of the particle due to the periodic
boundary condition.

In Figure 5(a4), at a temperature of 1517 K, the remaining melt in the WCCDB solidifies
to the eutectic structure. However, it is a deficiency that the lamellar eutectic structures
are not reproduced in the simulation. Instead, the simulation results can only provide the
phase fraction of each phase according to the position.

3.3. Solidification under Combined Effects of Convection and the Temperature Gradient

Figure 6 simulates the microstructure evolution around the WC particle under com-
bined effects of convection and the temperature gradient and reveals the inhibition effect of
the WCCDB on the growth of the columnar crystals. Figure 6a,b shows that the convection
direction is vertical and parallel to the temperature gradient. To guarantee the growth of
the columnar crystals, nucleation densities are decreased, and nuclei are planted artificially
at the beginning of solidification at intervals of 15 um. Seven nuclei are planted, and grain
orientations are determined randomly.

By comparing Figure 6(a2,b2), it can be found that when the convection direction is
vertical to the temperature gradient, the columnar crystals growing from the bottom cannot
pass the WCCDB. As a result, y-Ni crystals above the WCCDB can only grow with new
nuclei. The reason for this phenomenon is that the WC concentration in the WCCDB is
close to the eutectic concentration, and according to the Ni-WC phase diagram presented
in Figure 4, the freezing temperature around the eutectic concentration is the lowest. Thus,
the freezing temperature of the WCCDB is the lowest, and this can block the growth path
of columnar crystals.

This phenomenon was further investigated. The WC concentration along path 2 of
Figure 6 is shown in Figure 7, and the freezing temperature along the path was calculated
with the phase diagram presented in Figure 4. The effects of nonequilibrium solidification
and supercooling on the freezing temperature were ignored in the calculation. The practical
temperature gradient was found to be 1 K/pm, corresponding to the two blue lines. The
blue dotted line represents the temperature at moment t. As the temperature decreases,
this line moves downward and the solidified area extends forward, which is marked by
the yellow area. When the practical temperature distribution reaches the blue full line, the
solidified area will be divided into three parts by WCCDBs. Each part will grow with new
nuclei and limit the sizes of columnar crystals inside.

Further, it can be deduced from Figure 7 that when the practical temperature gradient
is large enough, columnar crystals can pass through the WCCDB successfully. This critical
point equals the maximum freezing temperature gradient.
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Figure 6. Microstructure around the WC particle under the combined effect of convection and the
temperature gradient, (al-a3) convection along the X-axis and temperature gradient along the Z-axis;
(b1-b3) convection along the X-axis and temperature gradient along the X-axis.
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Figure 7. The WC concentration, freezing temperature, and practical temperature along path 2
in Figure 6.

4. Experiments
4.1. Experimental Details

To verify the microstructure simulation results and investigate the improved mechani-
cal properties of IN718/WC composite coatings, experiments were conducted. Composite
coatings with 30 wt.% of spherical WC particles (particle size: 50-110 pum) were fabricated.
Coatings of pure IN718 were fabricated as a comparison to show the reinforcement effect
of the WC particles. The experimental equipment included a 2000 W fiber laser (YLS-2000-
TR, Newton, NJ, USA), a powder feeder (NCL-PF2, CHAMLION, Wuhan, China), and a
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six-axis robot (KUKA, Obernburg, Germany). Schematic diagrams of the laser cladding
experiments and the convection in the molten pool are shown in Figure 8. The substrate
size was 58 mm x 38 mm x 6 mm. The laser power was 1400 W, the scanning speed was
450 mm/min, and the powder feeder rate was 9 g/min. After cladding, samples were cut,
polished, and corroded. The corrosive was a mixture of 75% HCl and 25% HNOj3. The
microstructures of coatings were observed with a scanning electron microscope (S-3400N,
Hitachi, Ibaraki, Japan). The default capture mode of SEM is backscattering. Element
analyses were conducted by EDS. The microhardness of the coatings was measured with a
semiautomatic microhardness tester (HXS-1000, Shante Instrument, Shenzhen, China). The
load applied was 200 g, and the hold time was 15 s. The microhardness distributions in the
cross-section of the coatings were measured from the top of the coatings to the substrate
at intervals of 0.1 mm. The microhardness of each depth was measured three times from
different points, excluding the WC particles. The wear tests were conducted with a rotary
wear testing machine (HT-1000, Kaihua Technology, Taizhou, China). The grinding ball was
made from Si3Ny, and it was 5 mm in diameter. The surfaces of the coatings were polished
before the wear test. The wear tests were carried out with a load of 1000 g, a wear diameter
of 4 mm, and a wear time of 20 min. The profiles of the wear tracks were measured with a
laser confocal microscope (VK-X200, Keyence, Osaka, Japan).

@ _a

Laser beam J \
/. e
Powder & Shield gas Convection\

Coating \. fie ‘\f\
WCCDB e
[ W Substrate ‘ ‘

Figure 8. Schematic diagrams, (a) laser cladding experiment, (b) convection in molten pool.

4.2. Effects of Convection of the Microstructure

In order to verify the simulation results presented in Figure 5, the microstructure
around the WC particles under convection was observed by SEM and is shown in Figure 9.
In Figure 9a, the position of the WCCDB can be distinguished by the position of the eutectic
region. Then, cellular structures at the edge of the particle can be observed. The cellular
structures along the convection direction were found to be significantly larger than those
in other positions. In addition, the cellular structure in position A was larger than that in
position B. According to the conclusion of the simulation, position A is the downstream
side and position B is the upstream side. In Figure 9b, the lamellar eutectic structures in the
WCCDB can be clearly observed.

Cellular structure

Figure 9. Microstructure around the WC particles under convection. (a) WC particle; (b) enlarged
view of WCCDB.
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Element maps are depicted in Figure 10. First, the content of element W was high
between the IN718 grains, which is consistent with the simulation results. Second, the
distribution of element Ni was opposite to the distribution of element W, which is also
consistent with the simulation results. Third, the distribution of element C differed from
the simulation results, because in practical experiments, WC will decompose under high
temperatures. The generated element C will diffuse rapidly and react with other elements.

10pm

Figure 10. Element maps: (a) SEM image, (b) W, (c) Ni, and (d) C.

To further verify the simulation results, the element distribution around the WC par-
ticle was compared between the experiment and the simulation. Figure 11a shows the
element distributions along path 3 in Figure 10a, and Figure 11b shows the WC concen-
tration and phase distributions along path 1 in Figure 5(a4). The simulated distribution of
WC was similar to the experimental distribution of element W, which is embodied by three
aspects. First, the content of WC/W increased on the whole when approaching the WC
particle. Second, the content of WC/W in alloy reaction layer was slightly lower than that
inside the WC particle. Third, at the IN718 grain boundaries, the content of WC/W was
slightly greater.
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Figure 11. Comparison of the experiment and simulation results, (a) element distribution along
path 3 in Figure 9d, (b) WC concentration and phase distribution along path 1 in Figure 5(a4).
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The morphology of WCCDBs was also verified. Images of Figure 12 were taken
from the horizontal section (the XY-plane in Figure 8), because WCCDBs can be more
clearly observed from this section. Figure 12a verifies the double-tail-like WCCDB, while
Figure 12b shows the more common spindle-like WCCDB of the coating. These two
different morphologies are caused by the different convection times. When the convection
time is short, the convection of dissolved WC is not sufficient, so the WCCDB is double-
tail-like. When the convection time is sufficient, two tails can merge into one tail, and the
morphology of the WCCDB will be spindle-like, which is similar to the velocity distributio