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Solidification Modeling of Plasma
Sprayed TBC: Analysis of Remelt and
Multiple Length Scales of Rough Substrates
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A two-dimensional, finite-element model based on an enthalpy formulation, was developed to simulate a
splat solidifying on a rough substrate (with an idealized, sinusoidal-shaped roughness) capturing the mul-
tiple-length scales seen in real coatings as well as different aspect ratios. The model was used to study the
effects of substrate temperature, splat temperature, and roughness characteristics on the onset and extent of
remelt. Remelt is studied since it is indicative of local heat transfer conditions and might explain observed
coating properties. Multiple splats were simulated using the two-dimensional model for short-time cooling
coupled to a one-dimensional model for long-time cooling to predict substrate temperature rise prior to
subsequent splat impacts. The presence of roughness promoted substrate remelting at conditions under
which no remelting was observed for a smooth surface, suggesting that substrate roughness is an important
parameter to include in splat solidification studies. The effects of splat temperature and substrate tempera-
ture on remelt were consolidated into a single nondimensional parameter, which captured a number of
critical phenomena including characterization of the onset of remelt with a nondimensional remelting point.

Keywords microstructure formation, solidification modeling,
splat remelt, splat solidification, substrate roughness,
thermal barrier coatings

1. Introduction

Direct current (DC) arc plasma deposition has been an en-
abling technology in many applications (e.g., aerospace, en-
gines, and power generation) due to its ability to economically
manufacture coatings with desired properties. For example, ce-
ramic thermal barrier coatings (TBCs), which have desirable po-
rosity, microcracks, thermal conductivity, and adhesion, are rou-
tinely sprayed onto engine surfaces to protect the underlying
components from damage by hot combustion gases. Developing
the capability to customize coatings through more direct control
of microstructure will potentially open new markets for DC
spraying and will expedite the evolution of the next generation
of coating technologies.

Splat solidification dynamics is a major driving force in de-
termining the resulting coating structure (e.g., composition,
splat shape, cracks, and voids). While previous modeling and
experimental research has been reported on this critical phenom-
enon, little of this work has focused on the impact of surface
roughness. The analysis reported here examines the role of sur-
face roughness in terms of the variety of aspect ratio and length
scales observed for real sprayed surfaces. A major focus of this
analysis is the degree of remelt, since it is believed to be impor-
tant for explaining observed cracking and grain structures, as
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well as being an easily observed indicator of the local heat trans-
fer.

A major microstructural feature of TBCs is porosity, includ-
ing horizontal cracks or delaminations, vertical cracks, and
voids with no preferred direction. Important characteristics in-
clude the size, orientation, and distribution of this porosity,
which are influenced greatly by the thermal environment asso-
ciated with the spreading of sprayed droplets into splats on the
surface and the subsequent rapid solidification. In particular,
critical conditions include particle state at impact (temperature
and velocity), which is controlled by torch operating character-
istics, the torch-substrate standoff distance, and the substrate
temperature.!'! Thus, a prerequisite for engineering coatings
through direct control of the coating microstructure is a funda-
mental understanding of the splat-substrate interfacial heat
transfer associated with the spreading and rapid solidification.
This article concentrates on developing a deeper understanding
of the solidification dynamics that are critical to determining
these features. In particular, it addresses a critical factor that, to
our knowledge, has not been adequately considered—the impact
of multiple-scale roughness.

1.1 Horizontal Delaminations

The results of this research are particularly important for un-
derstanding the formation of horizontal cracks, which will be
referred to here as horizontal delaminations, the thin gaps ori-
ented mainly normal to the direction of spraying. These delami-
nations may be observed between individual splats—intersplat
delaminations, which are about 0.01 um in thickness—or be-
tween lamella of four to seven splats built up during a single pass
of the torch—interlamellar delaminations, which are about 0.2
um in thickness and are seen quite prominently in the micro-
graphs of coatings.”®! The horizontal delaminations are impor-
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tant for two reasons. First, their presence near the bond coat can
reduce bond strength, compromising the reliability of the coat-
ing during operation. Second, their orientation normal to the
flow of heat in TBCs leads to a reduction in thermal conductivi-
ty and thus increases the thermal resistance properties of the
coating.*-3

The focus of the present work was motivated by results from
two studies involving microstructural characterizations of TBC.
Bengtsson and Johannesson'! showed that the density and dis-
tribution of the horizontal delaminations was a strong function
of the substrate temperature. At lower temperatures, both inter-
lamellar delaminations (i.e., between lamellae from successive
passes of the spray torch) and intersplat delaminations (i.e., be-
tween individual splats in one pass) were observed. However, at
higher substrate temperatures, only interlamellar delaminations
were prominent. In addition, grains were observed to grow ver-
tically through different splats. This was surprising given that
the mean time between successive splats during a pass was ex-
pected to be on the order of 10 ms, which is several orders-of-
magnitude beyond the solidification time of a single splat. Fur-
ther, a one-dimensional model of splat cooling indicated that a

Nomenclature
A roughness height—peak-to-valley [m]
C constant used in remelt correlation equation
C, specific heat [kJ/kg K]
D splat thickness [m]
h enthalpy [kJ/kg]
hy enthalpy of solid at melting temperature [kJ/kg]
hy enthalpy of fusion [kJ/kg]
h nondimensional enthalpy — ¢
S
[K] nondimensional “stiffness” ma{rix
[M] nondimensional “mass” matrix
P depth of solution domain in substrate [m]
R extent of remelt S, ., /S
R, maximum remelt
S length of interface from peak-to-valley [m]
S el length of interface that is remelted [m]
Ste Stefan number C”(TS”#
sf
t time [s]
b time to maximum remelt [s]
T temperature [K]
T, melting temperature [K]
Ty initial splat temperature [K]
To initial substrate temperature [K]
U nondimensional temperature parameter —.___"
o . . T —To
U,omeir  Nondimensional remelting point P
w width of roughness— peak-to-valley [m]
X,y coordinates [um]
X,y nondimensional coordinates x /D, y /D
o thermal diffusivity [m?/s]
0 nondimensional temperature — ;
spt — dm
Oub nondimensional initial substrateptemperature
T nondimensional time
D*/a
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previously solidified splat would not remelt when struck by a
subsequent splat, raising the question of why the grains grow
across splat boundaries.

McPherson'® showed that the coating microstructure con-
sists of splats having a limited number of contact points. It was
experimentally shown that the true contact area between splats/
lamellae, which is circular in shape, is only about 20% of the
splat area. The area between these contact points represents the
delaminations.

The results of both of these studies are consistent with the
idea that horizontal cracks form because of the curling of the
edge of the solidified splatst”! due to thermal quenching stress®!
during rapid cooling.

However, this article will explore another contributing factor
that may be important: that the delaminations naturally occur
between splats except where the early phase of splat cooling has
promoted remelting of the underlying substrate. The contact
points may be regions near the peaks of roughness features
where remelting will first occur, causing circular-shaped “spot
welds” between splats. At higher substrate temperatures, a larger
portion of the substrate becomes remelted, creating an increased
area of true contact and a corresponding decrease in the delami-
nation area. Remelting also could be a factor in explaining the
observed columnar grain structure between splats.

1.2 Interfacial Roughness Effects

The study of the substrate remelting phenomenon requires an
understanding of the critical physical processes associated with
splat flattening and cooling. For zirconia TBCs, a number of
experimental and numerical research effortst'*'” have focused
on single splat impacts. However, the experimental efforts often
involve spraying onto polished substrates. Likewise, the model-
ing efforts incorporate a particle impacting and/or a splat cooling
on a smooth surface, with the interface heat transfer modeled
using a macroscopic thermal contact resistance. The contact re-
sistance normally is chosen empirically to obtain the best fit be-
tween the modeled surface temperature evolution and the mea-
sured splat surface temperature measurements. ']

This study addresses the effect of realistic surfaces, which are
observed to be rough. This includes the first several layers on the
bond coat and throughout the TBC. In this light, previous ex-
perimental and modeling studies have focused on surfaces that
are likely not to be characteristic of deposition throughout the
majority of the spray process. For example, scanning electron
microscope (SEM) micrographs of the surface of a zirconia coat-
ing (Fig. 1) reveal roughness features at different length scales,
ranging from 10 um down to 0.1 pm, with the latter likely to be
features of individual grains.

This heterogeneous interface, with multiple-scale roughness,
is what a molten drop encounters during splat formation and so-
lidification, and, thus, the roughness characteristics may play an
important role in microstructure formation. However, most past ef-
forts addressing the issue have been either qualitative in naturef®'*!
or focused mainly on void formation at impact!'*"'* or on general
splat features.!"®! Little has been done to quantitatively investigate
the effect of roughness on the solidification process.

While a major focus of this research is to investigate the pos-
sibility of remelting as an explanation for the observed depen-
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(a)
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Fig. 1 Scanning electron microscope micrographs of plasma-sprayed, ytrria-stabilized zirconia coatings: (a) a polished cross-section exhibiting
large-scale roughness (10 pm scale) and smaller scale features (1 um scale); and (b) unpolished surface (top view) showing grain-level roughness (100

nm scale)

dence of delamination density on substrate temperature, rough-
ness and remelting also may have importance for understanding
other aspects of coating structure.

1.3 Objectives of Study

To capture the effect of a rough substrate, a two-dimensional
model of splat cooling has been developed, featuring an ideal-
ized rough surface based on physical dimensions that have been
obtained from experimental evidence, such as that seen in Fig. 1.
This article will describe the use of the model to investigate the
onset and extent of substrate remelting and how these are influ-
enced by thermal conditions (i.e., substrate and splat tempera-
ture) and by the characteristics of the surface roughness (i.e.,
length scale of roughness and roughness aspect ratio). Here, the
onset of remelt refers to the thermal conditions under which it is
first observed, and the extent of remelt refers to the area of the
interface that is remelted.

It should be noted that as splats build up during a single pass
of the torch, the substrate surface temperature increases due to
the inability of the relatively low thermal conductivity substrate
to diffuse heat away from the cooling splat. Thus, a splat solidi-
fying on a splat from the same torch pass may be a different
event than the first splat in a pass solidifying on the splats built
up from an earlier pass. This gives rise to the speculation that an
interface that does not remelt with the first splat may remelt with
subsequent splats. Therefore, this investigation also considers
the effect of multiple splats during a single pass.

2. Problem Formulation

2.1 Model Geometry and Assumptions

As a molten particle encounters a rough substrate formed by
previously deposited splats, it will spread over the peaks and
valleys, and the result will be a hot splat sitting on the contours of
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Fig.2 Idealized roughness geometries and solution domains used for
numerical analysis: (a) large-scale (baseline case); and (b) small-scale
(grain-level)

the cooler surface. Figure 2 shows a schematic representing the
idealized situations for two different roughness scales, which are
the basis for the problem formulation. There are several simpli-
fying assumptions that lead to this idealized geometry.

First, the roughness is assumed to follow a two-dimensional
sinusoidal profile. Although the two-dimensional roughness
may exhibit different quantitative results than the more realistic
three-dimensional roughness, the overall qualitative trends for
remelting are expected to be similar.

Second, the spreading and solidification have been de-
coupled, so that the initial state for the simulations is an isother-
mal splat covering an isothermal substrate. This assumption is
supported by numerical investigations showing spreading times
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on the order of 0.4 ps and solidification times on the order of
10 ps 117181

Third, perfect contact is assumed across the entire splat-
substrate interface, whereas real interfaces are likely to feature
incomplete filling of the troughs of the roughness. The effect of
imperfect contact on remelt will depend on the size and thick-
ness of the gaps near the troughs. However, under some condi-
tions, it may lead to a greater extent of remelt than the perfect
contact case, since the splat will cool more slowly, promoting
more lateral heat transfer.

Finally, the splat is assumed to have a uniform thickness over
the entire surface, whereas the real situation would likely exhibit
nonuniform splat thickness. Despite these assumptions, the ide-
alized problem should preserve the essential features of the in-
terface transport that are affected by surface roughness. In addi-
tion, it is likely that these idealized assumptions, particularly the
first and third, will lead to an underprediction of remelt and,
hence, to conservative estimates of the effect of interface rough-
ness.

Examinations of the surface of sprayed coatings (Fig. 1) have
revealed that there are multiple-length scales present on the coat-
ing surface, which could affect solidification dynamics. In the
present study, it is assumed that these roughness scales can be
modeled by sinusoids of various aspect ratios and dimensions.
These sinusoidal roughness profiles are assumed to be periodic,
so the heat transfer model is applied to only a small section of the
interface (Fig. 2). The following two cases are illustrated: (1)
large-scale roughness, representing the base case for the analy-
sis, for which the physical dimensions are 4 = Sum and W =5
um; and (2) grain-level roughness, for which 4 =50 nm and W=
50 nm. Note that the sinusoidal shape of the grain level rough-
ness approximates the hemispherical shape observed in micro-
graphs.

The depth P from the bottom of the splat to the bottom of the
numerical domain is chosen based on the thermal penetration
depth for the required time for the simulation, so that the bottom
can be modeled as an adiabatic surface. Accordingly, P=4Vat +
A, where a is the thermal diffusivity and ¢ is the final time for the
simulation—the time required to observe maximum remelt.
Maximum remelt was found to occur when the remelting initi-
ated at the peak of the roughness had spread to its maximum
extent along the splat-substrate interface and the surface had be-
gun to resolidify. This essential concept will be discussed in
more detail below. For the grain-level roughness, maximum re-
melt occurs in a time less than the time required for heat to dif-
fuse from the interface to the top of the splat. For that case, the
problem can be treated as an interface separating infinite liquid
and solid layers. Numerically, this is handled by setting the top
of the splat domain at the same distance as the bottom of the
substrate domain (Fig. 2b).

2.2 Governing Equations

The governing equation solved within the modeled splat do-
main was the two-dimensional transient conduction equation in
enthalpy form. The scheme for solving the phase change prob-
lem here has been described in detail."' ! Assuming that the ther-
mal conductivity and specific heat of the solid and liquid phases
are equal and independent of temperature, the appropriate non-
dimensional form of the equation is as follows:
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oh 3’0 9’0
P (Ste) F + (Ste) F (1)

y

where

St = Cp(Tspl - Tm)

hy
is the Stefan number. The pertinent nondimensional variables
are as follows:

0 T-T, ﬁ h—h, t X
— . — o 'T —3 s x —3 _;
T,-T, hy, D*/a D

spl —

where T, is the equilibrium melting temperature, 7, is the ini-
tial temperature of the splat, 4, is the solid enthalpy at the melt-
ing temperature, /s the enthalpy of fusion, C,, is the specific
heat, and D is the splat thickness. This formulation assumes that
the thermal diffusivity is isotropic. In general, this is not true due
to the porosity in the deposited coating that acts as the substrate.
However, within the time frame associated with the critical two-
dimensional effects that influence remelt, the thermal penetra-
tion depth is on the order of several splat thicknesses, over which
porosity effects should be minimal.

The enthalpy temperature mapping required for solving Eq 1
assumes equilibrium melting, i.e., no undercooling, and no
solid-solid phase change. In nondimensional form the mapping
is as follows:

Solid Phase (7 < 0) h = Ste® (3a)
TwoPhase 0<h=<1) 6=1 (3b)
Liquid Phase (A > 1)  h=1+ Sted (3¢c)

There are four key nondimensional parameters in this problem
as follows: Ste, the Stefan number; 6, the nondimensional ini-
tial substrate temperature, which is a measure of the thermal
driving force for solidification; 4/D, the ratio of the roughness
height and splat thickness; and A/W, the aspect ratio of the
roughness. The Stefan number can be interpreted as the ratio of
a diffusion time scale to a melting/solidification time scale. For
conditions typical of TBCs, the Stefan number is on the order of
one, suggesting that the diffusion and phase change effects are
comparable.

Adiabatic conditions are assumed at all boundaries. For the
transverse boundaries of the domain, this is valid because of the
periodic nature of roughness profiles. For the bottom, it is valid
based on the choice of the domain size for the substrate, as de-
scribed above. For the top surface, it is valid since convection
and radiation from the surface are negligible compared to the
high conduction rates at the interface.*"’

2.3 Numerical Approach

A finite element method was chosen over a finite difference
scheme so that the domain approximation error associated with
the geometric modeling of the curved interface surface could be
minimized. The finite element model was developed using the
weak form with linear rectangular elements, a first-order inter-
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polation function, and a forward difference scheme in time as
follows:

E n+l E n
o™ kg @

where [M] is the “mass” matrix and [K] is the “stiffness” matrix.

Equation 4 was solved in two steps. In the first step, the
matrices were developed for a specific set of conditions using
(Computer Aided Learning of the Finite Element Method)
CALFEM, a toolbox for MATLAB (MathWorks, Inc., USA). In
the second step, the matrices from CALFEM script were solved
using LU decomposition. Both steps were carried out on an SGI
(Mountain View, CA) Origin2000 computer. The required com-
putation time for the first step using the final refined grid, with
2000 elements within the splat, was about 16 h, and that for the
second step was about 4 h.

The mesh used for the simulation was specified on a rectan-
gular domain and then was transformed into the sinusoidal do-
main. A detailed mesh refinement analysis was carried out.!**!
The critical factor in selecting the grid size was minimizing the
remelt-front jumping. If the grid were too coarse, the remelt
front would jump from one grid point to the next in subsequent
time steps or in subsequent changes in the substrate temperature
or splat temperature for different runs. A grid-independent solu-
tion was achieved with 100 unevenly spaced grid points in the
splat in the direction normal to the interface and 100 evenly
spaced grid points in the splat in the direction along the interface.
The uneven grid structure featured smaller elements in both the
splat and the substrate near the interface to capture the steep
temperature and enthalpy gradients associated with the early-
time, interface heat transfer.

As a check on the validity of the model, the total enthalpy
within the domain was monitored; since all boundaries were
adiabatic, the enthalpy should have remained constant with time.
Over 10 ps (approximately the time scale associated with maxi-
mum remelt), the total enthalpy as calculated from simulation
results did not change by more than 0.7% (7, = 3773 K; T, =
1073 K; 3 wm thick splat).

2.4 Simulation of Multiple Splats

Using the two-dimensional model to simulate the cooling of
a single splat until the next splat arrived would be computation-
ally expensive because of the large domain required. Assuming
the time between splats is 10 ms,!'®] the thermal penetration
depth, and hence the domain length, would be approximately
150 times the thickness of the splat, for just one splat. However,
at about 100 ps, an isotherm plot of the splat-substrate domain
from the two-dimensional simulation showed that the splat was
completely solid and that the temperature profile was almost
one-dimensional; the isotherm plots in Fig. 3 illustrate how the
temperature field evolves toward one-dimensional behavior.
Thus, it can be concluded that while the solidification exhibits
short-time two-dimensional behavior, the long-time cooling
process is essentially one-dimensional.

With this in mind, a one-dimensional model of a splat cooling
on a smooth surface was used to estimate the rise in the substrate
temperature with multiple splats. The model employed a finite
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Fig. 3 Evolution of isotherms for baseline case. The dashed line rep-
resents the initial interface. The dotted line is the melting temperature
contour. a, >3000 K; b, 2850 to 3000 K; ¢, 2700 to 2850 K; d, 2300 to
2700 K; e, 1900 to 2300 K; £, 1500 to 1900 K; g, 1100 to 1500 K. Only
partial domain shown for substrate

difference scheme applied to the one-dimensional form of Eq 1.
The depth of the substrate domain for the simulation was set so
that it was greater than the penetration depth for the total time for
all four splats to be considered in a single pass. This domain
extended over a range of hundreds of previously deposited
splats, and thus the diffusion process would likely be affected by
the coating porosity. To account for this porosity effect, the ther-
mal diffusivity was set at 30% of the value for solid zirconial*?!}
for the one-dimensional analysis.

The first splat was allowed to solidify and cool for 10 ms (i.e.,
10,000 ps) on an initially isothermal substrate. Then, the top of
the first splat was set as the surface of the substrate for the second
splat. With the substrate temperature initialized to the tempera-
ture profile from the end of the simulation of the first splat, the
cooling of the second splat was simulated. This was repeated to
simulate the buildup of four splats. The results of these one-
dimensional simulations of multiple splats then were used as
input to predict remelt on a rough substrate, as described in more
detail below.

3. Results and Discussion

3.1 Baseline Case

Although the problem was formulated and the numerical
method was programmed and solved in a nondimensional form,
the results will be discussed mainly in a dimensional form to
better focus the discussion on the TBC application. An evalua-
tion of the results in a nondimensional form also is presented.

The parameters for the base case were as follows: D =3 um;
T,,;= 3773 K (both chosen based on the experimental observa-

sp
tions from Ref. 1); T, = 1073 K (the high substrate temperature
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Fig.4 Time history of nondimensional enthalpy, 7= (h — hy)/h; along
the initial splat-substrate interface

case reported in Ref. 2); 4 = 5um; and W = 5 pm (large-scale
roughness as seen in Fig. 1). Based on the properties of zirconia,
the nondimensional parameters for the base case were as fol-
lows: Ste =0.70; A/W=1; A/D =1.67; and 0, = 2.28.

The results for the baseline case are shown in Fig. 3, repre-
senting snapshots of the isotherms in the splat and substrate near
the interface for different times. (Note that only a portion of the
substrate domain is shown.) The dashed line represents the ini-
tial splat-substrate interface, and the dotted line shows the iso-
therm for the melting temperature. As the splat solidifies, the
solidification front proceeds from the valley of the roughness to
the peak of the splat. Eventually, the substrate begins to remelt
near the peak of the roughness (between 2 and 3 ps) and later
begins to resolidify. Such remelting is attributed to the lateral
heat flux from the splat to the substrate, which is not captured
with a one-dimensional model of a smooth substrate. Also, note
that after 32 us, the splat cooling is approaching one-
dimensional behavior.

To better observe the phenomena of interface remelting, the
thermal history of the interface is shown in Fig. 4 as a time-
position contour plot of enthalpy. Note that the melt front is in-
terpreted as the spatial location where the nondimensional en-
thalpy is 0.5. The remelting begins at the peak of the roughness
at about 2.3 ps, then spreads along the interface until reaching its
maximum extent at about 6.3 ps, and finally begins to recede as
the remelted part of the interface resolidifies.

The extent of the remelt, R, at a specified time is defined as
the percentage of the interface area that is remelted at that time,
as determined by the position of contour, as shown in the insert
in Fig. 5. Also shown in Fig. 5 is the variation of R with time for
the baseline case, exhibiting a maximum remelt of R,, = 10% at
time ¢,, = 6.3 ps. Figures 4 and 5 represent the behavior of the
initial splat-substrate interface, but they do not display the extent
to which the remelt has penetrated into the substrate normal to
the interface. At the time of the maximum remelt, this penetra-
tion was found to be approximately 0.095 um at the peak of the
roughness, which is less than 2% of the peak-to-valley rough-
ness height.
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R (%)

2.0 3.0 4.0 5.0 6.0 7.0
time (Us)

Fig.5 Extent of remelt, R, as a function of time for baseline case. Note
maximum remelt, R,,,, at 6.3 ps

Note that the solution displays an initial instability that de-
cays with time, which is seen most clearly in the contour in Fig.
4. This problem is known to be inherent in the enthalpy
scheme'?! and can be corrected to some extent by tracking the
temperature or enthalpy only when the melt front crosses a
node.?” Moreover, the solution at longer times has been proved
to be correct and accurate,''*? so that the maximum remelt results
should not be affected by this instability.

3.2 Thermal Effects

Figure 6 shows the effect of substrate temperature on the
maximum extent of remelting, R,,. The onset of remelting is ob-
served at approximately 600 °C. For higher substrate tempera-
tures, the maximum remelt increases with the substrate tempera-
ture, implying that the intersplat bonding due to welding at the
interface increases with higher substrate temperatures. In Fig. 7,
the same results are plotted as 1 — R,,, the percentage of the
interface that does not remelt, and are compared to the observa-
tions of delamination density from Ref 2. Note that the numeri-
cal results are for the first splat in the pass and for a single splat
thickness, splat temperature, and roughness geometry. As such,
the comparison is meant to be only qualitative. The two show
similar trends, which is consistent with the idea that the variation
in delamination density with substrate temperature is due to
variations in the extent of remelt. In particular, the delamination
density is unchanged at lower substrate temperatures, which are
conditions at which no remelt is predicted, and decreases at
higher substrate temperatures, which are associated with an in-
creasing extent of remelt.

As seen in Fig. 8, increasing splat temperature has an effect
that is similar to that of increasing substrate temperature. The
onset of remelt occurs between 3400 and 3450 °C, and the extent
of remelt increases for higher splat temperatures. The implica-
tion from these results is that the remelting phenomenon, and
hence possibly the microstructural features, can be controlled by
varying the substrate, or the splat temperature, or both.

It is useful to analyze the thermal effects on remelt using a
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Fig. 6 Effect of substrate temperature on remelt (7,,, = 3500 °C)
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Fig. 7 Comparison of numerical results (percentage of interface not
remelted) with delamination density measurements (Ref 2)

nondimensional temperature parameter, U = (T,,, — T,)/(T,,,

T..»)» Which is related to the nondimensional initial substrate
temperature, U= 1/(1 — 8,,). Note that for a fixed melting tem-
perature, increasing values of U are associated with increasing
splat temperatures at a fixed substrate temperature and with in-
creasing substrate temperatures for a fixed splat temperature.
Figure 9 shows R, as a function of U for the cases of changing
substrate temperature and changing splat temperature. The data
can be correlated with a single curve, indicating that changing
splat temperature and substrate can be combined into a single
parameter. Note that substrate remelting occurs only above a
certain value of U. This can be defined as the nondimensional
“remelting point,” U,,,,..;,, Which should be a function of the ma-
terial properties and of the roughness and splat geometry. For
this case, the remelting point has a value of 0.285. For thermal
conditions corresponding to values of U above the nondimen-
sional remelting point, the substrate will remelt and the area of
interface remelted increases with increasing U above the remelt-
ing point according to a curve of the form R, = C(U— U, .10 ">,
where C=72.0 for this case. This relationship will subsequently
be referred to as the remelt curve. Note that for the one-
dimensional case, the remelt curve is a step function that is char-
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Fig. 9 The extent of remelt as a function of nondimensional thermal
parameter, U, accounting for substrate temperature changes and splat
temperature changes

acterized by a nondimensional remelting point of 0.5 and a re-
melting of the entire surface (R,, = 100%) for U> 0.5.

The extent of remelt shown by the remelt curve in Fig. 9 is
approaching 20%, which is consistent with the other observa-
tions of a 20% true contact area for zirconia coatings.' Al-
though this level of remelt is seen only for the highest values of
U, it is expected that the actual values of R,, will be higher than
the numerical predictions. This is because the assumptions and
idealizations adopted for this study will tend to underpredict the
extent of remelt (as discussed above).

The results presented in Figs. 6 and 8 indicate that changing
the splat temperature by some fixed amount (say, 100 °C) has a
greater effect on the extent of remelting than does changing the
substrate temperature by the same amount. Using the remelt
curve shown in Fig. 9, this can be proven in a more general sense
as long as U < (.5, which represents the regime for the thermal
conditions that are likely to be encountered for zirconia-based
TBCs. However, from a control point of view, it may be easier to
control substrate temperature over a large range than it would be
to control splat temperature, thus providing greater control au-
thority.
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3.3 Roughness Effects

The effect on remelt of the aspect ratio of the substrate rough-
ness is shown in Fig. 10 for the baseline thermal conditions. The
cases for an aspect ratio greater than 1 involved increasing the
wavelength for a fixed roughness height (i.e., 5 um), while the
cases for an aspect ratio less than 1 involved decreasing rough-
ness height for a fixed wavelength. No remelting occurs for the
case of flat substrates or for roughness aspect ratios up to 0.5,
and the extent of remelt increases with increasing aspect ratios
above 0.5. Since remelting occurs mainly because of the early-
time, two-dimensional heat transfer near the roughness peak,
this effect should be more pronounced as the local radius of cur-
vature near the peak is reduced with larger aspect ratios. As such,
the remelting point is expected to decrease with increasing as-
pect ratios.

The effect of substrate temperature for the small-scale rough-
ness is compared to that of the larger scale roughness in Fig. 11.
The onset of remelt occurs at a much lower substrate tempera-
ture for the smaller scale roughness, and the extent of remelt is at
least twice that at the larger scales for a given substrate tempera-
ture. As discussed above, the splat thickness is irrelevant for the
smaller scale roughness, since the time scale in which remelting
occurs is much smaller compared to the thermal penetration time
for the splat thickness. Hence the splat domain seen by the in-
terface is a semi-infinite splat, and the moving solidification
front is not inhibited by the splat thickness. Thus, the results
shown in Fig. 11 are valid for smaller scale roughness as well
and also for larger scale roughness up to the scale for which the
time that maximum remelt occurs is approximately the same as
the diffusion time associated with the splat thickness.

As a point of clarification, it is important to note that R,, rep-
resents the percentage of the interface remelted for the “unit
roughness,” not for the entire interface. So, as shown in the
drawings in Fig. 11, the specified extent of remelt for the two
different cases is defined relative to the pertinent roughness
scales. A larger extent of remelt for the grain-level roughness
means that a larger fraction of the small-scale roughness inter-
face will remelt compared to the large-scale roughness interface
under the same conditions.

It is interesting to consider the interaction between the two
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different scales. Over the length scale of the small-scale rough-
ness, remelt and solidification occur within nanoseconds. Since
this time is much less than the time scale associated with the
two-dimensional effects over the large-scale roughness, it is ex-
pected that the degree of initial remelting on the grain-level
roughness should not depend on the location along the large-
scale roughness. Therefore, as implied in the drawings in Fig.
11, remelt at the grain level will occur even in regions of the
trough of the large-scale roughness. However, as the large-scale
effects emerge within the microsecond time frame, additional
remelt occurs in regions near the peak of the large-scale rough-
ness. This remelt has a depth of penetration of approximately
100 nm, which is larger than the grain-level roughness, so in the
region where large-scale remelt occurs, the entire grain-level
roughness along with its interface is remelted. In the region near
the troughs, where no remelting is observed at the large scale, the
grain-level remelt pattern should be preserved.

Although only the substrate temperature was varied for the
small-scale roughness simulations, the results still can be con-
sidered in the form of the nondimensional parameter U and the
data can be fit to a remelt curve of the form R,, = C(U —
U,omer)” . Inthis case, C=95.4and U,,,,.,,= 0.244, compared to
C=172.0and U,,,,.;, = 0.285 for the large-scale roughness. This
equation is plotted in Fig. 12 along with the corresponding equa-
tion for the large-scale roughness. Also shown is the behavior
for a flat surface—i.e., a step-function remelt curve with a non-
dimensional melting point of 0.5. Compared to the large-scale
roughness, the small-scale roughness will exhibit the onset of
remelt at a lower value of U—i.e., at lower substrate and splat
temperatures—and there will be a greater extent of remelt for a
given increase in the nondimensional parameter U above the re-
melting point. Compared to the smooth case, both rough sur-
faces exhibit a lower remelting point.

To compare the behavior of the rough and smooth surfaces, it
is necessary to extrapolate the rough surface equations beyond
the conditions simulated in this study, up to the remelting point
of the smooth surface (U = 0.5). As seen in Fig. 12, the small-
scale roughness shows that approximately 50% of the interface
is remelted at that point, meaning that the remelt zone extends to

Volume 11(2) June 2002—273

Y
o
o
Y
S,
S
o
Q




3
2
2
]
c
L
8
Q

100 1+ —
80 |
i Smooth surface =]
s 60
S’
E i Grain-level roughness 1
= 40 4F A=W=50 nm —_—— b
[ - —
L - PN p
20 1 i »

Large-scale roughness
A=W=50 microns

0.2 0.25 0.3 035 04 0.45 0.5 0.55
U= (Tspl'Tm )/(Tspl'Tsub)

Fig. 12 Comparison of nondimensional melting behavior for large-
scale roughness, grain-level roughness, and smooth surface cases.
Dashed lines represent extrapolation of the curves.

the point where the curvature of the substrate surface is zero.
This result is expected, since the two-dimensional effects, which
drive the onset of remelt, will be negligible at the flat substrate
surface midway between the peak and the valley of the rough-
ness. Thus, that region should not remelt until the remelting
point of the smooth surface is achieved (U = 0.5). Beyond that
point, in the trough of the roughness, higher values of U are
required to induce remelt, since two-dimensional effects in this
region will tend to drive the interface away from an early onset
of remelt and toward an early onset of solidification.

3.4 Multiple Splats

Figure 13 shows the substrate temperature predicted by the
one-dimensional simulations for two different initial substrate
temperatures (400 and 800 °C). The values on the plot represent
the substrate temperature that is seen by each of the four splats in
a pass. For example, the value shown for splat 3 is the surface of
the second splat after it has cooled for 10 ms, a time scale that is
characteristic of the average time between subsequent splat im-
pacts.['®]

The one-dimensional model results revealed that, after 10
ms, the temperatures of the splat and substrate were uniform to
within 5 K over a depth of approximately four splat thicknesses.
This depth is approximately the size of the substrate domain re-
quired for the two-dimensional remelt analysis. Thus, each sub-
sequent splat in a pass can be modeled in the same manner as the
first splat—i.e., with a uniform substrate temperature, but with
the higher value shown in Fig. 13.

No additional two-dimensional simulations were carried out
for the multiple-splat analysis. Instead, an estimate of the extent
of remelt was obtained using the following approach. Values of
T,,, from the one-dimensional analysis (Fig. 13) were used to
calculate U for the second through fourth splats. For example,
for the large-scale roughness and an initial substrate temperature
of 800 °C, the substrate temperature seen by the second splat,
942 °C, corresponded to a value of U= 0.322. Using these values
of U, estimates of R,, were obtained from the remelt curves for
small-scale and large-scale roughness. Following the same ex-
ample, the value of U= 0.322 will result in remelt of 14% for the
large-scale roughness and 27% for the small-scale roughness.
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The results of the multiple-splat analysis are seen in Fig. 14.
For the baseline substrate temperature case (800 °C) and the
large-scale roughness, the higher substrate temperatures for sub-
sequent splats result in an increase in the extent of remelting,
approximately 18% for the fourth splat compared to 10% for the
first splat. For the lower substrate temperature, there is no re-
melting for the first two splats, but substrate remelting is ob-
served for all subsequent splats. The reduced substrate remelting
for the first splat for both cases may explain the observation of
more intersplat delaminations as compared to the interlamellar
delaminations./ For the grain-level roughness, the remelt after
four splats is over 30% for the case of the 800 °C substrate tem-
perature.

4. Conclusions

A two-dimensional finite element model was developed for
studying the dynamics of splat solidification on a rough sub-
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strate. Of particular interest is the degree to which the substrate
surface is remelted, since that is expected to be related to impor-
tant coating properties such as cracks, which might explain the
grain growth through splat boundaries that is seen in coatings,
and is indicative of the local thermal dynamics. Parametric stud-
ies were performed to study the effect of substrate temperature,
splat temperature, and roughness characteristics on the onset and
extent of remelt for zirconia splats on a zirconia substrate. The
simulations incorporated the effect of increasing substrate tem-
peratures that are associated with multiple splats in a given pass.

Remelting of the substrate/deposited splats is promoted by
the presence of roughness on the surface, a phenomenon not
seen with smooth substrates for the conditions studied, indicat-
ing that substrate roughness is an important parameter to be in-
corporated into studies of splat solidification. These results may
be significant for understanding the effect of thermal conditions
on the development of microstructural features and, hence, on
the properties of plasma-sprayed TBCs. In particular, the results
are consistent with the observations of a 20% true contact area
for zirconia coatings'® and the dependence of horizontal delami-
nations on the substrate temperature.[’

The effects of thermal conditions on remelt (including mul-
tiple splat cases) were consolidated into a single nondimensional
parameter, U= (T, — T,)(T,,, — T,,,;), with the onset of remelt
characterized by a nondimensional remelting point, U,,,.;- Be-
low U, .1, nO remelt is observed, while above U,.,,.,, the extent
of remelt can be approximated by an equation of the form R,, =
C(U = U,,,e)">. For the small-scale roughness (i.e., submi-
cron), U,.,...; Was lower and C was higher than for the larger
scale roughness (i.e., tens of microns), leading to nearly twice
the extent of remelt for a given set of conditions.

For conditions that are characteristic of plasma-sprayed zir-
conia, changing the splat temperature has a greater effect on the
extent of remelt than does changing the substrate temperature.
However, from a control point of view, the substrate temperature
may be more easily changed over a larger temperature range.

Future articles will address extending this analysis to include
three dimensions, will report on an experimental analysis of
coatings, and will analyze the implications of the results for ther-
mal gradient dynamics during solidification.
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