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Abstract—Large temperature gradients are present within ceramic powder particles during plasma spray deposition due to their low thermal con-
ductivity. The particles often impinge at the substrate in a semi-molten form which in turn substantially affects the final characteristics of the coating
being formed. This study is dedicated to a novel modeling approach of a coupled Eulerian and Lagrangian (CEL) method for both fully molten and
semi-molten droplet impingement processes. The simulation provides an insight to the deformation mechanism of the solid core YSZ and illustrates
the freezing-induced break-up and spreading at the splat periphery. A 30 um fully molten YSZ particle and an 80 pm semi-molten YSZ particle with
different core sizes and initial velocity ranging from 100 to 240 m/s were examined. The flattened degree for both cases were obtained and compared

with experimental and analytical data.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by,

4.0)).
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1. Introduction

Thermal spray technology encompasses several process-
es which are used to create performance enhancing coat-
ings. The coatings are formed by heating and accelerating
micro-sized and nano-sized particles toward a targeted sub-
strate surface. These particles initially impact onto the sub-
strate where they deform and adhere. The particles then
impinge onto one another, building up the coating particle
by particle in a lamellar structure. The degree of deforma-
tion of these particles and their adhesion strength at the
substrate can be attributed to several factors, including:
particle impact velocity, particle size, particle melt fraction,
particle material properties, wetting of the substrate by
molten particles, temperature of the substrate and substrate
roughness.

With the development of smarter and more complex
oxide ceramic film applications, such as the dye-sensitized
solar cell and functionally graded bioactive coatings, a
detailed understanding of the deposition process at the sub-
strate is required in order to control the adhesion, cohesion
and porosity of the coatings. By coupling the jet and par-
ticulate phases, numerical models are capable of simulating
the transient velocity, temperature and phase content of the
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powders traveling through a thermal spray device. The
thermal-physical state of an individual particle can there-
fore be predicted at the substrate surface which can then
be relayed into a focused impingement model in order to
simulate the impingement and buildup of the coating
microstructure particle by particle. The most developed
finite element simulations for unmelted, solid particle
impingements can be found in [1,2] for copper powder
deposited by cold spray, and in [3.4] for tungsten—carbide
cobalt (WC-Co) powder deposited by HVOF combustion
spray. By utilizing the Johnson—-Cook strain hardening,
temperature softening plasticity model, the deformation
and stress of the solid metal particles could be captured.
However, thermal plasma spray is commonly utilized to
deposit oxide ceramics such as YSZ in the size range of
20-90 um [5,6]. Depending on the initial size of the coating
powder, some particles hit the substrate at a fully molten
state. Meanwhile other particles larger than 60 pm [7], are
partially molten with a solid core due to high plasma gas
temperature and high temperature gradient of particles
caused by the low thermal conductivity of ceramic powders.

Despite lack of detailed understanding for the deposi-
tion of semi-molten droplet impingement, little modeling
and simulation work has been reported, given the chal-
lenges of solving both solid and liquid phases simultaneous-
ly. The rule-based approach in [8] presents an efficient and
unique way of estimating the porosity created during the
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coating buildup of molten and semi-molten droplets.
However, this method is not able to capture the detailed
physics during the particle impingement process. The works
presented in [9] and [10] are limited to 2D simulations,
without details such as substrate heat transfer and solidifi-
cation respectively, which are crucial elements in determin-
ing the splat morphology. Furthermore, a central core is
not modeled as a moving solid in both cases. In a more
comprehensive work by Tabbara et al. [11] a semi-molten
ceramic droplet with a moving solid core was simulated
at a relatively low velocity. A temperature gradient within
the particle was predefined and the whole deformation of
the liquid shell was captured accurately in consort with
the freezing-induced break-up mechanism at the splat
periphery. Alavi et al. [12] considered the influence of phase
change after the impact in conjunction with the influence of
the core size on impact dynamics. Wu et al. [13] expanded
the validity of the aforementioned models for higher impact
velocities between 100 to 200 m/s. In all previous studies
listed above, the Volume of the Fluid (VOF) approach
was utilized assuming that the solid core behaves as a rigid
body without considering possible deformation of the solid
core and the substrate at impact.

According to Li et al. [14], brittle materials may possess
ductile behavior under particular conditions such as very
high temperature or high pressure. In this case, modeling
the solid core as a rigid body may produce unrealistic
results. Therefore, new approaches are required for
simulating both the liquid and the solid part simultaneously
in a coupled manner. This investigation is the first of its
kind, to simulate a semi-molten droplet impingement using
a coupled Eulerian and Lagrangian (CEL) approach for
thermal spray applications. The 3-D study particularly
examines the splash deposit of the liquid ceramic shell,
and the deformation of the solid core and substrate. The
results give an insight of the morphology of fully molten
ceramic particle impact and illustrate how semi-molten
ceramic particles behave under dynamic impact conditions.
The flattening degree of the particles are obtained and com-
pared with both experimental and analytical data.

2. Numerical method

In the first case of fully molten YSZ particle, a 30 um
particle, with an initial velocity of 190 m/s was generated
based on real spray parameters provided by Vardelle et
al. [5]. Owing to the axisymmetric nature of the normal
impact process, only a quarter of the computational
domain was simulated as shown in Fig. 1(a). The particle
impacting velocity was increased progressively from 100
to 240 m/s and the flattening degree for each case was
obtained. The second case of semi-molten particles was
simulated based on the experimental findings provided by
[7]. The particle diameter was set to 80 um with several
solid core diameters. Due to the low thermal conductivity
of the YSZ material, a temperature gradient along the
radius of the sphere particle develops during thermal spray-
ing [11,15]. The liquid outer shell was assigned an initial
temperature gradient as shown in Fig. 2. The temperature
profile within the solid core and toward the center was
assumed constant based on the particle temperature profile
provided in our previous studies [11,15].
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Fig. 1. (a) Computational model of molten particle impact bench-
mark. (b) Computational model of semi-molten particle impact with a
core diameter of 60 pm.

The computational domain and mesh of semi-molten
particle is illustrated in Fig. 1(b). In the explicit analysis,
the stable time increment Az, is given by:

Atstable < é

where L, is the smallest element dimension and C, is the
wave speed in the material. The requirement for a fine mesh
with small elements to capture the detailed physics of the
process leads to very short maximum allowable time incre-
ments which, in turn, result in a computationally intensive
analysis. In order to optimize the computational efficiency
of the impact model, smaller elements were used only in
the particle and along the particle-substrate interface. A
mesh convergence study was carried out by varying the
mesh density in the particle and along the contact interface.
The mesh and geometry were generated using FEA soft-
ware Abaqus/Explicit [16]. Given the velocity, viscosity,
as well as characteristic length varying from case to case,
the Reynolds Number in this paper will vary from 500 to
3000. The details of the mesh and solver could be found
in Table 1.

2.1. Impingement model

The method for modeling the liquidus YSZ, Stainless
Steel substrate, temperature profile, thermal and flow mod-
els is outlined below. The thermal-physical properties of the
materials presented in this paper are summarized in
Table 1.
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Table 1. Details of mesh and solver.

solver used Abaqus/explicit
Element type for substrate C3D8R

Order of accuracy Second-order accuracy
Element type for solid YSZ C3D8R

Order of accuracy Second-order accuracy
Element type for liquid YSZ EC3D8R

Order of accuracy Second-order accuracy
No. of element for fully molten cases 855,300

No. of element for semi-molten cases 2,655,710

2.1.1. Mie—Griineisen equation of state

The thermodynamic behavior model of real materials
can be characterized by the following two-term relations
(177

e(V,T) = ewy(V) +er(V,T) (1)

PV 1) = (1) + 2 ey, 1) )
where V' = I/p denotes the specific volume, T denotes the
temperature, p is the pressure, e is the internal energy,
and [ is the Griineisen parameter which represents the ther-
mal pressure from a set of vibrating atoms. The p and e
with subscription ref represent the pressure and internal
energy at a reference state usually assumed to be the state
at which the temperature is valid.

Combining Egs. (1) and (2), the most common form of
Mie-Griineisen equation of states could be obtained
[18,19]:

Py = (En — En) (3)

7
where py and Ey are the Hugoniot pressure and specific
energy, the Mie-Griineisen parameter [ is defined as:
Po
r=ry,— 4)
0 (

where I'y is a material constant and py is the reference den-
sity. The Hugoniot energy, Ey, is related to the Hugoniot
pressure by:

Pull
Ey =" 5
: 2p, ©)

Temperature(K}
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Fig. 2. (a) Initial temperature profile of liquid particle. (b) Initial temperature profile of semi-molten particle with a core diameter of 40 pm.

where n =1 — p/py is the nominal volumetric compressive
strain. Elimination of I" and Ey from Eq. (3) yields:

Loy
p= pH< - %) + TopoEnm (6)

The Mie-Griineisen equations of state represent coupled
equations for pressure and internal energy.

2.1.2. Linear Ug~U, Hugoniot form

In the absence of pronounced dynamic yielding effects or
phase transitions, the hydrostatic pressure is commonly
expressed by the Mie-Griineisen equations of state
(Eq. (3)) together with a linear fit assumption for the shock
velocity as a function of the particle velocity [20], i.e.:

U, =Cy+sU, (7)

where Uj represents the shock velocity, C is the zero-pres-
sure isentropic speed of sound, U, is the velocity of the par-
ticle, s is a dimensionless parameter which is related to the
pressure derivative of the isentropic bulk modulus. The
speed of sound (Cy) of the fluid is inversely proportional
to the fluid’s compressibility and also to the stable time
increment when simulating. With the U-U, equation, the
linear U~U, Hugoniot form is then written as:

PoCot (1 Fon)
=— (1 ——| +Top,En 8
(1 _ S;’])z 2 000 ( )
The limitation of the compression parameters is given by
Niim = 1/s.

In this study, the speed of sound of liquid YSZ was set
as 3000 m/s and the dimensionless parameter s was chosen
as 2.39 as illustrated in [21,22].

2.1.3. Temperature dependent viscosity

Due to the low thermal resistance [5] and the large tem-
perature difference between the particle and the substrate, a
large temperature gradient develops at the contact inter-
face. As a result, the viscosity in the liquid domain differs
considerably affecting the flow and energy dissipation of
the liquid. In Vardelle et al. [5] work, an equation to calcu-
late the temperature dependent viscosity of YSZ is provid-
ed with further validation by Shinoda et al. [23]:

5993

u(Pas)=0.1¢T —2.95 9)
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Table 2. Material properties.

Impinging droplet material YSZ
Substrate material Stainless steel (SS)
Substrate initial temperature 423 K
Solidus temperature (YSZ) 2799 K
Liquidus temperature (YSZ) 2801 K
Thermal conductivity (liquid YSZ) 2.00 W/(m K)
Thermal conductivity (solid YSZ) 2.32 W/(m K)
Thermal conductivity (SS) 14.9 W/(m K)
Density (liquid YSZ) 5890 kg/m>
Density (solid YSZ) 5890 kg/m?>
Density (SS) 7900 kg/m?>
Specific heat capacity (liquid YSZ) 713 J/(kg K)
Specific heat capacity (solid YSZ) 580 J/(kg K)
Specific heat capacity (SS) 477 J/(kg K)
Thermal conductance 5% 107 W/(m* K)
Young’s modulus (SS) 200 GPa
Poisson ratio (SS) 0.3

Melting temperature (SS) 1673 K
Room temperature (SS) 293 K
Johnson—Cook fitting parameter 4 (SS) 310 MPa
Johnson—Cook fitting parameter B (SS) 1000 MPa
Johnson—Cook fitting parameter C (SS) 0.07
Johnson—Cook fitting parameter n (SS) 0.65
Johnson—Cook fitting parameter ¢, (SS) 1/s
Johnson—Cook fitting parameter m (SS) 1

Therefore, Eq. (9) was utilized to calculate the viscosity
of YSZ at elevated temperatures.

2.1.4. Plastic deformation of solid YSZ

It is known that ceramic materials under normal pres-
sure and temperature behave like brittle material. The
material fails as long as the stress reaches the fracture stress
right after some elastic deformation. However, Brittle
ceramics may become ductile above a specific temperature,
which is referred to as brittle-to-ductile transition tem-
perature (BDTT). Below BDTT catastrophic fracture
occurs by crack propagation in busting mode whereas
above the BDTT, a certain amount of plastic deformation
can be obtained prior to the eventual failure. Moreover,
some ceramics exhibit superplasticity with an elongation
rate exceeding 300%, at temperatures high enough above
their BDTTs [24-26]. Therefore, the ceramic core, in the
semi-molten simulation, could not be modeled as a pure
brittle material since the whole impact process was con-
ducted under relatively high temperature (almost its

Al L M

melting temperature). Thus, certain high-temperature plas-
ticity of YSZ should be defined for the ceramic core. The
stress—strain curve from [27] was used to model the plas-
ticity of the YSZ ceramic core for the semi-molten impact
case.

2.1.5. Johnson—Cook plasticity model

The elastic response of the material follows a linear elas-
ticity model, which is adequate for most impact cases. The
plastic response of stainless steel is assumed to comply with
the widely used Johnson—-Cook plasticity model [28,29] as
follows:

o= (4+Be)(1+ Cln&)(1 - (T)") (10)

where 4, B, n, C and m are material-dependent constants
such as static yield strength, strain-hardening exponent,
strain-hardening modulus, strain-rate-sensitive coefficient,
and thermal-softening exponent. e, is the effective plastic
strain. ¢* is the effective plastic strain rate normalized with
respect to a reference strain rate ¢,/¢. T is defined as
follows:

0 for T<T,
T = TC;T,A for T,<T<T, (11)

1 for T>T,

where T, is the melting point and 7, is the reference or
transition temperature.

Since stainless steel is a widely used metal, the Johnson—
cook parameters are easily obtained by experiments and
then tested in simulations. The constitutive constants used
in this study are provided in Table 2.

3. Results and discussion
3.1. Fully molten droplet impingement

The base line model was applied and validated consider-
ing a 30 um fully molten YSZ droplet impinging onto a
stainless steel substrate with an initial velocity of 190 m/s.
When a droplet impacts onto a substrate surface, the splat
development may follow one of two main processes. The
particle may simply impinge, deform intact and then
solidify. On the other hand, it may impinge, deform and
splash to some degree. This break-up process may be trig-
gered by either low heat transfer to the substrate leading

Fig. 3. Comparison between simulated (a) and experimental (b) YSZ droplet impinging onto a SS substrate at temperature of 513 K [3] (top view).
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Fig. 4. 30 pm particle impingement process.

to splat fragmentation, or freezing-induced break-up where
the heat transfer to the substrate is rapid [30]. The substrate
temperature largely determines the splat morphology. A
critical temperature termed the transition temperature [31]
TT is the temperature below which heat transfer is rapid,
leading to freezing-induced break-up. Experimental obser-
vations of zirconia droplets impacting onto a quartz glass
substrate of temperatures between 300 and 760 K were

carried out in [32], leading to a vast difference in final splat
morphology patters. For these observations a substrate
temperature of 513 K is shown to lie well below the transi-
tion temperature, creating a fragmented splat shape due to
freezing-induced break-up. In fact, TT is predicted to be
SI3K <TT <673 K. As a result, freezing induced break-
up develops during the simulation due to the initial sub-
strate temperature of 513 K, and the final simulated splat
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morphology is compared alongside the experimental obser-
vation in Fig. 3, deposited by hybrid plasma spraying [7].
The two morphologies show a good likeness. An uneven
thick central splat remains at the impact site. The splat
has an uneven boundary with an undulating circumference
consisting of different sized fingers. During the impinge-
ment process, the temperature drops dramatically within
the contact area resulting in high viscosity levels and rapid
solidification of the YSZ. The centrifugal liquid motion is
slowed down and eventually a thicker region is developed
centrally. The transient motion of the simulated YSZ dro-
plet impacting at 190 m/s is depicted in Fig. 4. The particle
impinges onto the surface, where it deforms and begins to
spread outward. The molten material then begins to slow
and cool due to heat transfer to the substrate. Solidification
and retardation at the periphery cause matter to be ejected
as Fig. 3 shows. Furthermore, fragmentation is further trig-
gered by the substrate deformation occurring at moderate
to high liquid droplet impact velocities. The substrate is
slightly deformed, in the form of a smooth shallow crater
at the particle-substrate interface, leading to a continually
changing direction of the force vector during impact with
subsequent impulsive outward liquid ejection followed by
fragmentation (Fig. 4).

The quantitative validation of the current model was
performed by examining the influence of velocity on the
flattening degree. The flattening degree parameter is a nor-
malized number important for the evaluation of the result-
ing coating quality. The numerical expression of the
flattening degree parameter is the diameter of the wetted
surface area of the deposition normalized with respect to
the initial droplet diameter, see Eq. (12):

Dwelted

£ =2 (12

A large set of data is collected by varying the impact
velocity from 100 to 240 m/s and the flattening degree is
calculated based on Eq. (12). The modeling results are com-
pared with experimental data from [5] under identical
impact conditions and an empirical formula developed in
[33]. By neglecting the contribution of the splat rim on
the splat morphology, an empirical formula can be used
to describe the particle’s flattening degree ¢ [33]. £ is related
to the droplet’s diameter d, kinematic viscosity v and the
impinging speed V" with the following form:

-3(2)

Fig. 5 compares the flattening degree obtained from
experiments, the analytical equation and current simula-
tion. Although the experimental splats appear to be ran-
domly impaled, it can be seen that the flattening degree is
proportional to the impact velocity as expected. Moreover,
Eq. (13) implies that the spread factor ¢ is proportional to
V74 The numerical results show a good level of concor-
dance across the specified velocity range.

The energy during the whole impingement was tracked
and shown in Fig. 6. Results illustrated that the kinetic
energy of the droplet decreased and dissipated in the plastic
strain of the substrate as well as the viscosity. Therefore,
the deformation of the central node on the contact surface
of the substrate was examined and shown in Fig. 7. As can
be seen from the displacement—time results, though small,
increasing the impact velocity will increase the plastic
deformation on the stainless steel on the substrate. More-
over, the influence will become greater at a high initial velo-
city. Using initial impact velocity of 80 m/s as a datum, the
impact velocity was increased by 25%, 88%, 138%, and
300% while the final equivalent plastic strain on the sub-
strate increased by 50%, 210%, 330%, and 680%, respective-
ly. This is based on an elevated initial velocity, more energy
was contained in the whole system. Therefore, during the
impact process, more energy was transferred and stored
by the plastic deformation of the substrate.

3.2. Semi-molten droplet impingement

According to Eq. (13), the degree of flattening £ increas-
es with particle size increase. However, experiments [7]
show that for particles greater than 60 pm, the flattening
degree will actually decrease while increasing the particle
size (shown in Fig. 8). The thermal gradient within the
sphere becomes important for particles larger than 60 pm
because the interior resistance to heat flow exceeds that of
the plasma gas/powder boundary. In this case, the powder
remains in semi-molten form comprising of a liquid shell
and a solid core at impact. In this high Biot number case,
the CEL computational method was applied by simulating
an 80 um semi-molten YSZ droplet impinging onto a stain-
less steel substrate with an initial velocity of 190 m/s based
on [7].

When the lower part of the liquid shell impacts onto the
substrate at = 0, a uniform spread in the radial direction is
observed (Fig. 9). The full period of the impact can be
divided into two intervals. In the first period, the particle
penetrates into the liquid-shell layer adjacent to the sub-

351
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50 60 70 80 20

Fig. 8. The dependence of the flattening degree, ¢, on the initial powder diameter d, [7].
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Fig. 9. 80 um semi-molten YSZ particle with a 40 um solid core impingement process.

strate and displaces the liquid radially outward. The parti-
cle-substrate contact takes place during the second period.
At this first stage, the droplets of the liquid shell flows in
good contact with the upper hemisphere of the particle
upon impact, and separates from the lower hemisphere of
the particle when t is approximately 0.17 ps. Beyond this
time, break-up of the liquid occurs. At (0.52 ps <t
< 0.69 ps) the liquid forms two lateral sheet jets, one rushes
outward and the other inward toward the symmetry axis.

When the inward flowing liquid reaches the particle surface,
a part of the liquid volume rebounds upward and breaks up
subsequently while the remaining liquid fills in the corner
between the particle and the substrate during the spreading.
In addition the numerical simulation of the heat transfer
and solidification phenomena revealed that solidification
of the liquid splat is completed within a time of 0.69 ps
and initial impact velocity of 190 m/s. Fig. 9 shows the
deformation sequence of an 80 um droplet with a 40 pm
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Fig. 10. Deformation of the solid core and top view of splat morphology for semi-molten droplet impact with core sizes of 60, 40, and 20 pm
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solid core. In this case no macro-voids will form in the cor-
ner between the particle and the substrate.

During the second stage of the process, the solid core
comes into contact with the wall. In the early stage of the
impingement (0.1 ps), the deformation of the contact sur-
face is evident and the crater size increases in width and
height to accommodate the deformed particle. At 0.36 ps,
when the solid-core kinetic energy has fallen to zero, the

bottom part of the particle is flattened as shown in
Fig. 10. The particle experiences a certain deformation with
the maximum plastic strain scattering within the contact
zone rather than the central point of impact. At the local-
ized solid core-substrate contact interface, temperature
increase is observed as a result of the kinetic energy being
converted to internal energy and part of it to plastic work
(dissipated as heat). The maximum temperature of both
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the solid core and the substrate during the adiabatic impact
stage could be seen in Fig. 11. The maximum temperature
increases along with the increase of the solid volume frac-
tion. The results show that the temperature is not uniformly
distributed over the surfaces. A higher temperature is
observed along the deformed zones around the edge of
the particle than that at the center. The temperature then
decreases due to the temperature difference between the
solid core and the substrate.

The results show that, in the central part of the contact
surface, the liquid shell partially remains at the bottom of
the core. Due to the rapid heat exchange between the liquid
shell and the substrate, freezing of the central part of the
liquid is observed. Thus, the temperature of this domain
decreases resulting in solidification and bond of the liquid
volume with the substrate. Several other semi-molten dro-
plet impingement cases were performed with the core size
ranging from 20 to 60 um. The final deformation of the
solid core and the morphology of the splat can be seen in
Fig. 10. The flattening degree is collected and presented
in Fig. 12. Comparing the spread factor of the simulation
with the experimental results in Fig. 8, the semi-molten flat-

tening degree is approximately 3.1 which can be seen in
both experimental [7] and computational results (with 0-
25% solid core volume fraction). Furthermore, at higher
core volume fraction, the flattening degree decreases dra-
matically. Also, as shown in Fig. 10, the deformation of
the core tends to decrease for smaller core sizes. It can be
seen in the same figure that, the larger the core is, the more
deformation the core experiences. The top part of the core
remains intact while the bottom part starts to deform. Nor-
malizing the maximum deformation on the solid core, U,
with the core size, the maximum deformation factor varies
from 0.252 to 0.110 and finally to 0.036 with respect to the
solid core size of 60 um, 40 pm and 20 pm. This is a clear
indication that the liquid break-up of the shell absorbs
the impact energy acting as an opposing damping force.
For larger liquid shell thickness, gentler deceleration upon
impact is observed attributed to the pressure distribution
over a larger area. Overall, it is evident that the thickness
of the liquid shell plays an important role on the plastic
deformation level of the solid core. Subsequently, the max-
imum stress on both the substrate and the solid core also
varies for different solid volume fractions. As shown in
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Fig. 13, a 50% increase in the solid core volume fraction,
results in 94% increase of the maximum stress on the sub-
strate and 13% on the particle core.

4. Conclusion

A fully molten and a semi-molten YSZ droplet were
simulated to examine the impact onto a solid stainless steel
substrate. A 30 um fully molten ceramic powder with an
initial impact velocity of 190 m/s was created as a bench-
mark. The morphology during the whole process and flat-
tening degree of the deposition were collected. The final
splat trend showed good agreements with experimental
and analytical results. By increasing the initial impact velo-
city, the flattening degree increases accordingly as well as
plastic deformation on the stainless steel substrate. The
higher the velocity is, the larger the plastic strain will be.
At the contact interface, the temperature of the liquid
decreases, resulting in viscosity increase to stop the flow
locally. The solidification completes by forming a thick part
in the center of the splat. An 80 um semi-molten particle
with different core size was further simulated. The splat
morphology during the whole process was obtained and
also the deformation of the solid core was captured. The
smaller the solid core is, the larger is the flattening degree
found. Also, the normalized deformation factor is propor-
tional to the size of the core.
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