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Abstract: To achieve a higher efficiency in gas turbine engine by increasing the inlet-temperature of
burning gas is one of the primary goals in aviation industry. The development of thermal barrier
coating system (TBCs) continuously raises the inlet-temperature of gas turbine engine in the past
decades. Due to the complexity of TBCs and harsh operation environments, the degradation and
failure mechanisms of hot section components have not been fully understood, and consequently
limits the application of TBCs. It was identified that high-temperature sintering of the topcoat in a
typical TBC could be one of the major sources of its failure since the microstructures of the constituent
coating layers evolve dynamically during the service period, resulting in significant changes of
mechanical and thermal physical properties of the coating system. This paper intends to review
recent advances of analytical and numerical modeling of sintering of topcoat in TBCs including the
modeling methodology and applications of the models, particularly the implementation of finite
element combined with specific materials constitutive functions. Critical remarks on the future
development and applications of these models are also discussed in the end.

Keywords: thermal barrier coatings (TBCs); sintering; constitutive model; elevated temperatures;
modeling and simulation; FEA

1. Introduction

To improve the combustion efficiency of gas turbine and/or aero-engine, the thermody-
namic principle suggests that this can be achieved by increasing the operating temperature
of the system. For the past decades, a considerable effort has been made to advance the
design and development of superalloys and novel protective coatings aimed at significantly
raising the thermal efficiency of turbine engines [1,2]. Thermal barrier coatings (TBCs) have
been designed as the protective systems that were widely applied to turbine hot section
components, such as blades, vanes, and combustor liners, providing thermal insulation
and thus decreasing the hot section temperatures during service operation. With the help
of the TBCs, the operating temperature capability of hot section components can increase
by 100~150 ◦C or even more, which allows to reach as high as 1450 ◦C or higher surface
temperature in service. In addition, TBC system can also extend the lifespan of hot section
components by minimizing the creep deformation [2–4].

Currently, the prime-reliant TBCs have not been fully realized, (and the premature
failure of hot section components could often cause catastrophe accidents during service
operation—This is true only if TBCs are prime reliant. Currently, TBCs are not prime reliant,
and therefore the designers take the TBC failure into consideration to avoid catastrophic
component failure in case TBCs fails. The often-observed failure modes include compres-
sive buckling and spallation of coatings from the attached substrate blades. To mitigate
such failures, non-destructive testing (NDT) techniques are often used to monitor the
microcrack evolution and/or lower the blade temperatures to reduce its creep deformation.
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Certainly, these measures will increase the cost and yet unable to fully exploit the perfor-
mance of TBCs [2,5,6]. The causes of premature failures are normally variant, including but
not limited to oxidation of bond coat, water vapor effect on bond coat and topcoat [7], solid
particle erosion [8,9], the foreign matter deposition such as calcium-magnesium alumi-
nosilicate (CMAS) and sintering of topcoat. Since the topcoats are made of porous ceramic
materials, the sintering of topcoat is inevitable during the operation. As sintering proceeds,
the porous ceramic topcoat will densify, degrading the thermal conductivity [10,11] and
increasing the in-plane modulus. As a result, the in-plane stress will increase significantly
to initiate vertical cracks and weaken the insulation performance of TBCs, leading to accel-
erated oxidation of bond coat. All these factors may induce degradation and spallation of
coating system [12–19].

Literature indicates that sintering of topcoat at elevated temperatures is one of the
main causes leading to topcoat spallation [20], although the mechanisms of sintering are
not fully understood. In general, it was known that the driving force of sintering is the
reduction of total interface energy of the coating systems; in other words, sintering reduces
the air/solid interface by curing the pores, cracks, and coarsen the grains. The curing
process of pores and/or defects due to sintering can be simulated numerically through
application of variational principles. However, the dynamic changes of microstructures of
coating system during service period make it a significant challenge to design an optimised
geometry for the representative model. Also, the evolution of mechanical properties
was not fully understood due to the complexity of microstructures [14,21–24]. To date, a
number of sintering models were established to evaluate the sintering behaviors of topcoat
during the life cycle of TBCs, which helps enhancing the prediction accuracy of finite
element modeling. The focus of this review is on sintering modeling in both analytical and
numerical manner including the implementations of finite element analysis (FEA).

The schedule of this review paper is as follows. In Section 2, a brief description of
the TBC constituents and their functions were given. Section 3 introduced the physics
and principles behind sintering of topcoat including analytical and numerical models. As
examples, two representative sintering models were presented in detail in Sections 4 and 5.
In Section 6, EB-PVD TBC sintering model was described and discussed. Section 7 showed
the image-based sintering modeling and its applications combined with FEA simulation
and future trends of applications of sintering and cracking of TBCs.

2. Constituents of TBC System

To work under harsh environments with high performance, the topcoat in TBCs must
be made to meet the following criteria: (1). lower thermal conductivity to maximally isolate
the heat attack to the substrate, (2). Closely match the expansion of thermal coefficient
(CTE) to the substrate CTE to reduce the residual stress upon cooling of the TBCs, (3). phase
stability during service periods such as during thermal cycles and/or isothermal dwell
period, (4). better resistance to sintering at elevated temperatures, and (5). lower the
Young’s modulus to achieve better strain compliance. At present, TBCs are made of a
multiple-layer system to meet these criteria comprising a ceramic topcoat (TC) and a bond
coat (BC). The metallic BC is the first layer deposited onto the superalloy substrate, with
thickness of about 60 µm, working as an intermediate layer to adhere the superalloy and
TC. The 100–400 µm ceramic TC is then deposited to insulate the heat flux from hot gas.
During the operation period, a relatively thin layer (1–10 µm) thermally-growth oxide
(TGO) is generated via the oxidation of BC, that may damage the cohesive strength at the
BC-TC interface [1,2,25].

Due to its low thermal conductivity, the ceramic topcoat plays a major role in reducing
the heat attack and transfer in the TBC system. At present, most of the commercial TC is
made of zirconia ZrO2 stabilized with 7 wt.%–8 wt.% yttrium oxide Y2O3, which is known
as 7YSZ in the literature. The thermal conductivity (k) of the 7YSZ varies depending on
the deposition methods and service temperature. For 7YSZ deposited by electron-beam
physical vapor deposition (EB-PVD) method, the typical thermal conductivity of topcoat is
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around 1.5–1.9 W·m−1·K−1; while with thermal plasma spray (PS) approach, its k value is
even lower around 0.8–1.1 W·m−1·K−1 [1,26,27]. Attempts were made in the last decade
to further reduce the thermal conductivity of topcoat in two approaches: modify YSZ by
co-doping rare-earth oxide, also known as lanthanide (Ln) oxide (e.g., Ln: Gd, Yb, Sc,
etc.) and add larger lanthanides elements into zirconia to produce zirconate pyrochlore
oxides (Ln2Zr2O7). The purpose of adding rare-earth oxides is to modify the oxide crystal
structure to reduce the absorption coefficient. Reported from literatures, the k in Nd, Gd,
or Sm and Yb co-doping YSZ TBC and Ln2Zr2O7 (Ln: La, Gd, Sm, Nd) pyrochlore oxide
TBC is as low as 0.6–1.0 W·m−1·K−1 at high temperature [5,28].

Phase stability of topcoat oxides is another key factor in maximizing the lifetime of
TBCs. The pure zirconia normally undergoes phase transitions from the tetragonal crystal
structure (t-YSZ) to monoclinic (m-YSZ) and cubic (c-YSZ) crystal structure when the TBCs
is cooled down, and the induced volume change (3–5%) during the phase transition will
initiate cracks formation that could lead to the failure of coatings. With the addition of
7wt.%–8 wt.% Y2O3, the 7YSZ is deposited as a tetragonal-prime crystal structure (t′-YSZ)
which is a metastable phase and remains as t′-YSZ during cooling down to the ambient.
However, this t’ phase will become unstable when the working temperature is higher
than 1200 ◦C, which limits the maximum operating temperature of 7YSZ TC [1,5,29].
The zirconate pyrochlore oxides (Ln2Zr2O7) aforementioned were found to have higher
temperature stability between 1550 to 2200 ◦C and potential to become alternative materials
as TC [15].

A close matching of coefficients of thermal expansion (α) among the TC, TGO, BC and
the substrate is a key to improving the life cycle of TBCs. During the heating and cooling
thermal cycles, the thermal expansion mismatch from the individual layers in TBCs will
generate significant residual stresses [19]. Although the visco-plastic deformation of the
topcoat at elevated temperatures can release the stresses to a certain level, the residual
stresses still remain largely upon cooling down to the ambient. Compared to the CTE mis-
match of intermetallic bond coat and 7YSZ topcoat with the Ni-base superalloys substrate,
the TGO possesses significantly larger CTE mismatch with the substrate. As a result, as the
TGO thickens, this mismatch-induced residual stresses could exceed the critical interfacial
strength of individual layers, causing TBCs spallation and failure [1,17–19,30–32].

It is also necessary to point out that the mechanical and physical properties and
also the compositions and morphologies of TBCs evolve during the service cycles. These
changes can affect the sintering behaviour of the topcoat, and hence affect degradation
behaviour of coatings. Consequently, it is imperative to better understand the evolution
of these materials to mitigate premature TBC failure and thereby improve the life cycle
of TBCs.

3. Numerical Modelling Principles and Methodology
3.1. Variational Principle

The TBCs are porous ceramics materials capable of reaching their maximum insulation
performance. In a high-temperature harsh service environment, atoms in the porous
ceramics are highly mobilized to diffuse along the lattice, grain boundaries, and pore
surface to minimize the free energy of surface. Such diffusion process will inevitably
change the mechanical properties of the ceramic topcoat, which is normally called the
sintering and responsible for failure of TBCs. To predict the microstructure changes due to
sintering, Cocks et al. [33] developed a sintering model based on the variational principle.
Apart from sintering in TBC coatings, the model has been applied to other problems like
powder compaction [34]. The diffusion process consumes free energy of the system, and
the free energy has also to dissipate to the environment due to the energy conservation. In
this process, a balance between the free energy reduction rate

.
G and energy dissipation

Ψ will be established: Π =
.

G + Ψ. To keep the system stable, the function should be
minimized with respect to evolution of microstructure, described via Equation (1):
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δΠ = δ
( .

G + Ψ
)
= 0 (1)

The mass diffusion process results in the geometry change in the location of sintering,
therefore, items in Equation (1) can be represented by geometry parameters. Herein,
we used the model built by Cipitria et al. [21] as an example. When the surface and
grain boundary diffusion are taken into account, the expressions of

.
G and Ψ are defined,

respectively, as:
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1
V
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(2)

where V is the volume of the corresponding domain, A is the area of the unit, γ is the
specific energies, and their subscript S and gb stand for surface and grain boundary.
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where M is the atomic mobility, Ω is the atomic volume, j is the volumetric flux per unit
length, δ is the thickness of the layer of diffusion, vm is the grain boundary migration
mobility and mm is the intrinsic grain boundary mobility. The mobility M and mm are
derived from the diffusivity of the materials. Equation (3) is the summation of three terms:
the grain boundary diffusion, surface diffusion, and grain boundary migration.

As per the law of mass conservation and if no material addition or sink is assumed,
the flux j equals to the migration velocity v:

∇j + v = q = 0 (4)

If grain boundary and surface flux can be represented by the velocities in the geometry
dimensions in terms of the radius and height of the models, the principle Equation (1) is
represented in variables of the geometry dimension evolution rate. For example, in Cipitria
et al.’s model [21], Equation (1) expressed as:
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)
(5)

where the variables stand for the rate of change of each geometry dimension. The geometry
evolutions can be predicted with a set of ordinary differential equations. The details of the
dimensional tags will refer to Figure 1, the schematic diagram of the model.
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Figure 1. (a) Schematic diagram of Domain (1): inter-splat pores, demonstrated in perspective, elevation, and plan view.;
(b) Schematic diagram of Domain (2): intra-splat microcracks, demonstrated in perspective, elevation, and plan view.
The dotted line is the shape of the model when it is fully sintered [21] (Adopted with permission from [21] copyright
Elsevier 2009).
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In this model, however, the macroscopic Young’s modulus is assumed to hold fixed
during the sintering process, which is impractical in actual scenarios and make the life
prediction inaccurate. As sintering proceeds, the topcoat will densify, and consequently,
its stiffness will increase. The sintering model developed by Cocks and Flecks [35] used
a knock-down factor x based on the size of the cracks in the topcoat to determine the
effective Young’s modulus, bulk modulus and shear modulus in porous ceramics. Such
approximated method was first introduced by Budiansky and O’Connel [36] and made the
evolution of macroscopic modulus possible.

3.2. Constitutive Sintering Models

In the previous section, the variational principle applied to conducting sintering
modeling is more focused on the elastic response of the ceramic topcoat. However, the
ceramics topcoat is not merely elastic; instead, viscoplastic deformation and/or creep
occurs at elevated temperatures. To reflect all of these factors in sintering modeling, Gasik
and Zhang [37] built a constitutive model to determine the stress-strain relationship for a
thermal elasto-viscoplastic material as shown in a schematic block diagram in Figure 2.
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The equation describing the constitutive model is:

dε =
{

dεE
}
+
{

dεVp
}
+
{

dεsint
}
+ {d(αT)} (6)

and the incremental strain term is:

{dσ} = [D]
(
{dε} − [η]−1{σ}dt−

{
dεsint

}
− {d(αT)}

)
(7)

where the superscripts E and Vp represent the elastic, sintering, visco-plastic components
in Figure 2, and αT is the thermal expansion strain.

Furthermore, the constitutive models can be implemented into a FE analysis. In
some FE analysis, the mechanical and thermal properties are static during the analysis
process, which, in turn, makes the simulation results inaccurate in sintering modeling.
With the help of constitutive models, the dynamic property inputs largely improve the
prediction accuracy of FE modeling. Several FE analysis examples will be introduced in
the following sections.

4. Three Dimension Periodic APS TBC Sintering Model

The development of this sintering model was established based on SEM observa-
tions of as-deposit coating. In the deposition process of the plasma-sprayed topcoat, the
YSZ powders are melted in the feedstock, projected onto the bond coat in the form of
melted or semi-melted powder, and finally form an adherent coating on the bond coat [38].
Cipitria et al. found that the as-deposited APS splats are disc-like shapes, and each of the
splats is connected by a smaller round disc-like bridge. As splats pile up, they may not
contact fully in order and several defects will nucleate and grow. Three main types of
defects are observed: interlamellar pores, intra-splat microcracks, and greater size globular
voids identified through SEM image observations. These types of defects are named as
domains (1) to (3) in the model [21,39–41].
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4.1. Geometry of the Sintering Model

As shown in Figure 1 in Section 3.1, the domain (1) represents the inter-splat pore,
which has a geometry of cylindrical disk and a smaller cylindrical disk as the inter-splat
connecting bridge. Since the coating is made of splats, the open pores are represented
by the space around the connecting bridge. Within the splat, it is composed of through-
thickness columnar grains in hexagonal prisms with a size length g. The number of grains
in a splat is Ns. The dimensions of the splat are defined in cylindrical coordinates (r, z).
Detailed notations of the dimensions are illustrated in Figure 1a. Domain (2) represents the
intra-microcracks, which have a rectangular volume element with two through-thickness
microcracks. The domain (2) is defined in Cartesian coordinates (x, y, z), and the detail
notations are available in Figure 1b. The globular voids are represented in domain (3),
which are large-scale spherical voids described using the dimension, radius rv. The globular
voids are assumed to be unchanged during sintering, but their existence contributes to the
overall porosity and specific surface area that should be considered in the model prediction.

The model also features a comparison between the mono-size model and bimodal
distribution. The bimodal results are the average of fine splat and coarse splat, which may
give a higher precision if the uneven size of splats are considered.

4.2. Modelling Principle

The microstructure evolution described using the model developed by Cipitria et al.
has been introduced in Section 3.1. As Figure 1 demonstrates, in domain (1), atoms within
the grain will diffuse to the edges of the grains in r and z directions. Surface diffusions will
occur at the surfaces of open pores (the notch around the connecting bridge). Similarly, for
domain (2), the grain boundary diffusion will occur along the x-axis at the bridge of two
microcracks, and surface diffusions will take place along the open surface at the notch in
the x- and y-directions.

4.3. Model Prediction

The sintering model developed by Cipitria et al. [21,40] is capable of predicting the rate
of coating shrinkage, surface area reduction, porosity reduction, and evolution in thermal
conductivity in the free-standing scenario. During the sintering process, the coating will
densify and induce shrinkage in both through-thickness and in-plane directions. For the
rate of coating shrinkage, the through-thickness shrinkage is expressed by the height (h)
reduction in domain (1), while the in-plane shrinkage is represented by the superimposition
of shrinkage of rs in domain (1) and a in domain (2). The linear contraction during
sintering in multi-axis and different temperature levels is shown in Figure 3a,b. The
experimental results and trend show a good agreement with the numerical predictions.
The minor difference may be caused by simplifications of the modeling or experimental
observation errors.

The specific surface area of the whole model is the summation of surface area in do-
main (1), twice of domain (2), and domain (3). Figure 4a shows the comparison of bimodal,
mono-size, and experimental results of specific surface area and their component domains.
The composition of total porosity is similar to the specific surface area: summation of do-
main (1), twice of domain (2), and domain (3). Figure 4b illustrates the experimental result,
total porosity prediction, and their composition. In addition, the thermal conductivity
evolution was conducted and found it ascent more rapid in the bimodal case.

Furthermore, the sensitivity study to the initial pore geometry and diffusivity was
also made to give suggestions for coating developer to choose the material with designated
properties. For the sensitivity study to the initial pore geometry, it was found that a smaller
size of YSZ splat or smaller open-pore (height of contact bridge) will have a much faster
shrinkage rate than the reference size YSZ splat at the early stage of sintering, and vice
versa. The behavior is reflected in terms of the through-thickness shrinkage, contact bridge
area growth and inter-splat pore specific surface area. All these porosity parameters will
contribute to the change in Young’s modulus, but it is not covered here. Concerning the
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sensitivity to diffusivity, the author found that the increase in grain boundary diffusivity
will strongly promote the out-of-plane shrinkage during the sintering, while the rise in
surface diffusivity will have a negative trend in shrinkage that matches the prediction.
Both grain boundary and surface diffusion will slightly contribute to decreasing the surface
area and increasing the contact bridge area. The sensitivity study shows that the increased
surface diffusivity is more sensitive to the sintering responses.
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In the constrained sintering model, more predictions were conducted. The responses
of geometry are dissimilar to the free-standing scenario. In the free-standing model, the in-
plane shrinkage is decreased during the sintering, and the corresponding geometry radius
of splat rs in domain (1) and the width of domain (2) keep decreasing as demonstrated in
Figure 1b. However, in the constrained model, due to the mismatch of thermal expansion
with the substrate, the elastic strain will be generated to retard the in-plane shrinkage of
sintering. To reach the minimum energy in the coating, the stress will be relaxed with
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respect to the reversal of grain boundary diffusion. Reflected in the dimensions of the
geometry, the radius rs of domain (1) and microcrack separation a in domain (2) increase
rapidly at the initial stage to relax the elastic stress. At the same time, the loss of substance
at grain boundary decreases the height h in domain (1) dramatically at the initial period of
sintering. The porosity also changes at the initial period of sintering due to the opening
of microcrack a in domain (2), but the small change does not affect the bonding strength
of the YSZ coating. The porosity rise rapidly at initial is due to the thermal mismatch
leaded de-sintering. After the relaxation process, porosity decrease gradually as sintering
proceeds. The prediction results match the experimental observations.

4.4. Summary of the Model

In this numerical model, it allows us to understand: (1) the geometry evolution during
the sintering process in the free-standing case and the comparison with the constrained
case; (2) how the change of splat and pore size affects the shrinkage and surface area
reduction; (3) how diffusivity affects the shrinkage and surface area reduction; (4) progress
of the in-plane stress relaxation in the constrained model. The model prediction has been
validated in other literature [42].

In the in-plane stress relaxation, the author found that the stress reaches its peak value
at the initial stage of the sintering and then swiftly relaxes to a low level, thus resulting in a
likely occurrence of the debonding of coating layers during the stress relaxation. However,
this numerical model is unlikely to predict the debonding behaviour on its own which is
dependent on factors not covered in the model such as the interfacial cracks, local stress,
and strain at the cracks. An implementation of this model in FE analysis about the local
interface behaviour would be helpful to predict the lifetime of the coating.

In other aspects, the geometry of this model and pore orientations are too characteristic
and simple to the actual scenarios, especially those described in terms of the splat size, pore
size, and connection area, that may make the model impractical if the operation conditions
are changed. Also, the pore opening is assumed evenly thick, which is inconsistent with
SEM observations and made the rate of linear contraction at stage-I sintering differ to
experimental results. In their model, the Young’s modulus is assumed fixed during the
sintering process, which is impractical in actual life operation scenarios. As previously
introduced, the stiffness of ceramics topcoat will increase as porosity reduces during
sintering. The in-plane stress simulation may be inaccurate if the modulus changes with
respect to sintering [4,16,43].

5. Brick Model of Sintering
5.1. Geometry of the Model

The geometry model proposed by Cocks et al. [4] to simulate sintering differs from the
one proposed by Cipitria et al. [21]. Based on the SEM observations by Eriksson et al. [44],
the splats are in contact by discrete asperities. Cocks et al. [4] then generated a brick model
as shown in Figure 5. The basic units of splats are hexagonal bricks, and pile up without
gap. The connections at the top surfaces and side surfaces are asperities distributed evenly
at each surface. To simplify the calculations, splats are idealized as circular columns and
only connected at top and side surface. For the side asperities, orientations are orthogonal
to the surface, while the top asperities are connected in random orientations to match the
observations [4].
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5.2. Modelling Principle

Initially the sintering occurs at the asperities, while the main body of the splat is dense.
As sintering proceeds, the matter diffuses along the asperities, resulting in the increase of
radius in asperities and the decrease in height, to heal the inter-splat crack, or equivalently,
to reduce the interface energy. The approach then follows the principle in Section 3.2, i.e.,
to formulate a constitutive relation between stress and strains. Cocks et al. [4] expanded
the process in terms of three contributions: sintering, elastic, and coble creep effects. The
sintering response uses Equation (1) to determine the sintering force fSIN and viscosity λ
with respect to the evolution of asperity dimensions b and w. The force-displacement rate
relations further convert to stress-strain rate relation, which is in the form of constitutive
relation. For the elastic deformation response, the author neutralizes stiffness of asperities
in multiple scenarios and derives a stiffness k. Based on the traction-displacement corre-
lation, the constitutive form of elastic response between stress and strain is acquired. To
accumulate the effect of the Coble creep, a bulk compliance tensor C was added into elastic
contribution and a Coble creep response between strain rate and stress was given. The full
constitutive model in this approach is given as:
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Similar to any kind of response, the characteristic time τ should be pre-determined to
set up the time scale. The authors determined the free-standing, constrained characteristic
time scale for this model.

5.3. Model Predictions

In the free-standing scenario, the external load is zero and the effects of elastic defor-
mation and Coble creep on sintering are neglected. The author simulated the evolution of
in-plane, out-of-plane, asperity width, and elastic modulus when the asperity tilt angle
ω = 0. Results are shown in Figure 6. The first graph of Figure 6a shows the linear
contraction both in the in-plane direction (solid-line—ε11) and the out-of-plane direction
(dashed-lines—ε33). The log-log graph reads that the linear contraction is linear with
respect to time and the out-of-plane linear contraction is more than one in the in-plane
linear contraction. The numbers indicate the sensitivity with respect to the size. When the
top/bottom asperity height, width, and spacing are doubled, the time constant becomes
16 times of τ1, and shows a slower contraction rate compared to the baseline condition,
and vice versa. The second graph of Figure 6b shows that the width of the asperities is
growing in exponential scale. Similarly, the numbers represent the effects of size change in



Coatings 2021, 11, 1214 10 of 21

top/bottom asperities. The last graph, Figure 6c, demonstrates the evolution of Young’s
modulus in the in-plane and out-of-plane directions and how asperities size affects the rate
of change. For studies of other orientation angles, see Ref. [4].
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Figure 7 shows the asperity width evolution in one of the constrained cases. Under
the same characteristic time for the top and side (τ2/τ1 = 1) and when the initial asperity
width to spacing ratio equal to 0.5 (or τ2/τ1 = 1) at both t op and side surface, the graph
shows the asperity width on the side surface grows much slower than the asperities on
the top/bottom surface, which is consistent with the author’s assumption. If the size and
spacing of top/bottom asperities change, then the model shows a similar trend as in the
free-standing case. The author also simulated the in-plane stress and Young’s modulus
evolution in both the sintering dominant and Coble creep dominant cases, which is not
discussed in the present paper.
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5.4. Summary of the Model

Within this model, it allows us to evaluate: (1) the evolution of asperities dimensions;
(2) the evolution of in-plane and out-of-plane contraction; (3) the evolution of Young’s
modulus; (4) the sensitivity of asperities size to these parameters; and (5) the sensitivity of
asperity inclinations.

This model used the same diffusional process theory as previous model to simulate the
sintering behavior at a different form of geometry and gave the analysis of multi-size and
orientation of asperities. Combining the effects of larger size defects like pores would better
describe the macroscopic modulus evolution. But the results of this model have not been
proved. Nevertheless, the model still meets the problem assuming the inter-splat pores are
evenly thick, which is inconsistent with SEM observations. The end of the pores are usually
wedge shape, which tends to cure quicker during sintering [22,45]. This condition is later
improved in an image-based example in Section 7, with the detail geometry construction.

6. An EB-PVD TBC Sintering Model
6.1. EB-PVD Process and Coating Microstructure

The microstructure of TBCs deposited by EB-PVD is notably different from those
such as APS-TBCs due to its own deposition method. Figure 8 is a schematic show of a
typical EB-PVD deposition facility. Within the vacuum environment, the electron beam
will heat the target materials in the crucible and melt them to vapour. The vaporized YSZ
will rise and be deposited onto the surface of the substrate. Upon cooling-down, the YSZ
topcoat is formed [46]. Due to the vaporized YSZ being relatively small particles with
even distribution, the microstructure of the coating comprises millions of columnar grains
with a sharp tip at the top dispersed along the surface of the coating, as demonstrated in
Figure 9A [47].
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Figure 9. (A) The cross-sectional microstructure of as-deposited EB-PVD top coat [49]; (B) the
columnar geometry near the surface of top coat [47] (Adopted with permission from [47] copyright
ASM International 2011); (C) mud-crack formation after 100 1 h thermal cycle at 1150 ◦C [50] (Adopted
with permission from [50] copyright Elsevier 2004).

Based on EB-PVD TBC microstructures, Hutchinson’s sintering model [38] was de-
veloped in terms of the columnar grains represented by a series of repeated d × d square
columns with height H, as demonstrated in Figure 9A. Magnifying the SEM image of the
as-deposited YSZ columns, Figure 9B shows that the side edges of the initially deposited
columns are made up of feather arms. These fine arms will soon round off and transform
to undulating waves during the early stage of sintering due to the local sintering diffusion.
Lughi et al. [50] and Schulz et al. [51] suggested that the surface undulation will grow
and touch the undulations from other surfaces to form necks along the edge after several
thermal cycle at 1100 ◦C. As service time increase, the undulating BC-TC interface will
tilt the grain columns and the healing of narrower cracks will result in “mud-cracking” in
TC. The sintering behavior of a single cluster is a valuable question that will be analyzed
in the model. Considering the relatively short period for neck formation, the model will
simulate the sintering after the necks are formed. For simplicity of calculations, the necks
are combined and only grow from one surface while the other surface is totally flat. The
geometry of the necks is demonstrated in Figure 10B, with wavelength λ, height w, contact
width 2b, gap u, and inclination angle β [50,52].
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With this model, Hutchinson et al. conducted simulations for two cases: (1) con-
strained and crack-free case; and (2) mud-cracking case. Mud-cracking is the main concern
during the service as it accelerates the sintering. The behavior is mainly due to the undu-
lations formed in the TC/TGO interface tilting the columns into clusters and the rise of
in-plane tensile stress during sintering [50,52].

6.2. Modelling Principle

For the purpose of easy understanding, the EB-PVD column can be considered as
a portrait of APS splats in the previous model, but with different aspect ratios. The
asperities are mainly located at side edges instead of the top and bottom surfaces, so the
variational principle in Section 3.1 can apply here. As sintering proceeds, matter consumes
grain boundary and surface interface energies, diffuses along segments OA and AB in
Figure 10B, and results in width increase in segment OA and amplitude reduction in
segment AB. The variational principle uses Equation (1) to set up the balance between
free energy rate

.
G and energy dissipation Ψ, where the

.
G is expressed in terms of the

rate of change of neck amplitude
.

w, inter-columnar gap
.
u, and elastic strain density U,

to determine the local geometry evolution. The corresponding global sintering strain (εS)
evolution is then determined through the average inter-columnar gap change over the
column width [52].

For the mud-cracking case, YSZ columns are grouped by hexagons and idealized as
circular columns with radius R and height H. The bottom of the cluster is bonded to rigid
TGO, and all other faces are free. Thus, the constraint effect is mostly at the bottom while
almost free at the top surface. The authors assumed the elastic strain energy disappears at
a specific height ξ, and increases linearly from ξ to the substrate. The energy method was
applied to determine the proper value of ξ that minimizes the elastic strain energy within
the cluster and determines the elastic strain density U required in the variational principle
statement [52].

6.3. Model Predictions

The solutions of the numerical models were normalized for convenience and the
normalized values are labeled with bars. The neck dimensions are normalized by the
wavelength λ and other values are normalized by their corresponding constants in the
expressions. In the first case study with the constrained and crack free geometry, the results
showed the evolution is sensitive to the magnitude of normalized modulus E. As E is
sufficiently small, full sintering was observed within a finite time scale. On the other hand,
when E is larger than a threshold value (~1000), sintering will cease due to the built-up of
strain energy. The geometry evolution demonstrated the neck will not fully established
and the pores will retain. Another sensitivity study finds that the increase in thermal strain
mismatch εT will increase the final neck width b. In general, the sintering is minimized by
increasing the in-plane elastic modulus and decreasing the thermal strain mismatch [52].

In the mud-cracking case, the results are sensitive to the aspect ratio of the cluster
since the elastic strain energy is related to the cluster radius and height. A dimensionless
term of height-to-radius was added: H = H/R. The results showed when the inputs are
E = 1000 and H = 1, the mud-cracked TC can fully sinter between columns due to the
reduction in constraint. One more sensitivity study about H showed that the smaller
value of H will have a smaller neck size b when sintering is completed, and a greater
in-plane modulus will also have a smaller final neck size b [52]. In other words, the
coating has a better sintering resistant performance with smaller cluster height, or greater
in-plane modulus.

6.4. Model Summary

In these two case studies, the model can simulate the sintering behavior with different
variables. When the TC is crack-free, the increase of the in-plane elastic modulus and
decrease of the thermal strain mismatch can reduce the rate of sintering. In the case of mud-
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cracking, loosened constraint and increased height-to-radius of the cluster will accelerate
the sintering.

However, due to the limitation of the analytical model, the periodic structure cannot
fully represent the practical case. In this model, the thermal gradient effects are neglected,
which should be considered since the gradient is large in such coatings. The sintering will
behave diffferently near the substrate. Moreover, as sintering proceeds, the TC will stiffen,
and the modulus increases with time, which should be a time-dependent study instead
of a static state. In some observations, the expansion of thermal coefficient will decrease
slightly as sintering proceeds [53]. The variation of columns along the thickness is another
factor that cannot be reflected in this model. Altun and Boke [54] observed the grain sizes
are uneven along with the thickness. As thickness increases, the grains will coarsen, and
the sintering behavior will diverge due to the microstructure change.

The geometry at the asperities is normally assumed to be a trapezoid or orthogon
in several 2D sintering models, but a later study by Kumar remodified the contacts to be
truncated hemisphere, which is an assumption closer to the SEM observations [55].

7. FEM Implementations and Future Developments

Even though numerical models can reliably simulate the microstructure evolution
of sintering, the periodic geometry model does not represent the evolution of coatings in
an actual level, i.e., complex shaped macroscopic cracks, thermal gradient, and substrate
rumpling problems. Finite element methods (FEM) are a more versatile tool to simulate
these cases. In the early 2000s, several FE analyses used temperature-dependent mechanical
and thermal properties to study the TGO growth and rumpling-induced failure issues.
But these simulations did not fulfill the sintering-induced property changes [12,31,56–61].
Later, Kyaw et al. [30] simulated the sintering process by incorporating a set of temperature
and time-dependent elastic moduli. The nonlinearity of sintering, however, may make the
interpolation method inaccurate. Lv et al. also used a set of time dependent sintering to
study the interface cracking [62].

Thus, if the previously sintering model can be implemented into FE analysis, it is
expected to improve the accuracy of the simulation. A commercial FEM software ABAQUS
has a feature called user-defined material (UMAT) that can adopt the variational principles
method in constitutive model to simulate geometry evolution and the corresponding me-
chanical and thermal properties evolutions during the FEA simulations. With proper input,
the UMAT can update the sintering, thermal, and visco-plastic strain at each time step, and
directly return it to the main program, or return the modulus changed at sintering [62].
This feature showed two potential applications: (1) Analysis on the sintering of more
detailed microstructure; (2) provide material properties evolution to stress field analysis or
failure analysis.

Lv et al. applied the constitutive model containing the sintering module to simulate
Young’s modulus evolution of a model suspension plasma spray (SPS) TBC and used the
UMAT to simulate Young’s modulus of realistic SPS coating with a large vertical cracks [63].
They also studied the microstructure and stress evolution of coatings with gradient poros-
ity [64]. Kumar and Cocks applied the EB-PVD sintering model by Hutchinson et al. to
simulate the vertical crack growing with different types of defects within the cluster of
coating [55,65]. Zhang et al. used SEM images as a reference to build FE model and applied
the UMAT to simulate the local sintering behavior with variable shape of cracks. Zhang’s
model gave another level of details on the sintering process in complex crack structure,
which will be expanded below [20,66].

7.1. The Image-Based FE Model

The previous numerical models provided a solution for microstructure evolution
under the ideal operation conditions. However, in these models, the shape of defects
and cracks within the coatings are irregular, therefore, further studies in realistic cases
are expected to validate or amend the assumptions in the numerical models. The latest
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image-based model proposed by Zhang et al. [52] showed the evolution of microstructure
and modulus of APS-TBC, and then used in the implementation of the sintering model by
Cocks et al. [4].

7.2. Geometry of the Model and Sintering Principle

To simulate a realistic sintering of TBCs, Zhang et al. extracted cross-sectional mi-
crographs of an as-deposited APS-TBC and generated mesh via a homemade MATLAB
code. Figure 11 presents a comparison between the cross-section micrograph and FE
mesh. The pattern of the mesh generated is consistent with the micrograph. In Figure 11b,
the blue elements are bulk YSZ and the purple elements represent the inter-splat cracks.
Corresponding to Section 4.1, the brick shape splats are bridged by asperities and purple
elements are defined as user element routine (UEL) in the commercial finite element soft-
ware ABAQUS to adopt the feature of asperities bridge along the inter-splat crack. The
initial height of asperities is pre-defined, but the opening of the crack is not uniform along
the crack path. To describe the bridging of asperities precisely, the asperities at the middle
segment with greater opening are free and not bridged to the next splat when the opening
is greater than the initial height of asperities. When the opening is less than the initial
height, asperities will connect to the next step and activate the sintering feature. Figure 11c
demonstrates the geometry at the inter-splat crack in details.
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Other than the sintering response, the constitutive model also includes elastic and
creep response at the asperities. Apart from the sample in Figure 11, the authors selected
two more samples to conduct a sensitivity study concerning the crack size. All these
samples feature horizontal cracks, vertical cracks, and globular voids [20].

7.3. Model Predictions

In this image-based FE approach, the model allows us to not only simulate modu-
lus evolution and crack evolution, but also track the relief of stress concentration. The
measurement of the in-plane modulus is conducted by applying horizontal stress on the
vertical boundary and then measure the in-plane strain. The results for three samples are
identical to the experimental results, where the macroscopic elastic modulus evolved from
20 to 65 GPa after 100 h of sintering. The microstructure differences were found to affect
the modulus evolution. For example, in Sample 2 with more finer cracks, the modulus
increases much faster at the early hours of sintering due to a faster healing of fine cracks.

More studies were focused on crack evolution in this image-based FE model. In
general case with free standing, the authors identified that sintering readily starts from the
crack tips, while asperities at the middle of the crack will contact the other splats and trigger
the sintering. When two horizontal cracks are close and in parallel position, the narrower
crack will sinter first, while the wider one may de-sinter and expand to accommodate the
paralleled narrower crack. The large vertical cracks stay open at all times, and some finer
vertical cracks will heal after sintering. Observing the local in-plane stress evolution, the
cracks healed can carry the loads which is concentrated at crack tips. With an additional
substance of the TBC that can carry loads, the in-plane strain is limited and the apparent
modulus will increase as observed.

Sensitivity studies of microstructure evolution were conducted to better learn the
sintering process. With a smaller asperity spacing, the initial modulus is higher and
the sintering rate slope is steeper. However, the in-plane modulus plateau at the end
of sintering is lower. In actual APS-TBC, the asperities spacing need to be determined
by experiments and therefore the sensitivity of asperities spacing is only available via
predictions. Splat thickness is another significant factor affecting sintering since the Coble
creep tensor is defined using the YSZ splat thickness. A thinner YSZ splat will have a
smaller aspect ratio of columnar grain (χ = d/2h) and have a smaller viscosity. The
characteristic time of Coble creep to accommodate the sintering response then increases
with larger splat thickness [4]. The in-plane modulus curve of FE model for different grain
height validated the assumptions in Cocks et al.’ model [4]. The author also discussed
the effect of grain growth on modulus evolution. The model showed the growth of grain
may slow down the sintering rate during stage 2 sintering (healing larger cracks), but in
practical applications, the grain growth has limited effect on sintering response [20].

The sensitivity studies above are conducted in the free-standing TBC, while in real
world, the coating is constrained by the substrate. The authors then moved on to make a
comparison between constrained and free-standing sintering in the FE model. The con-
strained sintering was simulated by fixing the vertical boundary in a horizontal direction.
The comparison of in-plane modulus evolution is shown in Figure 12c, which shows the
constrained sintering case had a much slower sintering rate in stage 2 sintering. The
time ratio for constrained versus free sintering to reach the required in-plane modulus is
between 1.5 to 2.0, which matches the analytical model built by Fleck et al. [67]. Observing
the microstructure in stage 3 sintering in Figure 12a,b, it is apparent that the horizontal
constraint strongly prevents the healing of vertical cracks (highlighted by red circles) and
the residual of the vertical cracks reduces the in-plane modulus stage 3 sintering.
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The existence of the vertical cracks benefits by extending the life of the coatings, but
the position, length scale, and interaction with horizontal cracks may turn from profit to
deficit. An example is given when cracks extend to the bond coat/top coat interface, which
may cause spallation. Zhang et al. [66] lately extend their study on constrained sintering
effects on vertical cracks. The image-based FE model was deployed again for simulating
vertical cracks at different stages and different splat thicknesses. The mesh is derived from
a cross-sectional SEM image of TBC near the surface. Some parallel vertical cracks are
observed and built as microcrack bridged with asperities. To learn the effect of sintering
on the propagation of early stage vertical cracks, three-case studies were conducted. In
the first case, the imperfection has an initial asperity contact radius of b = 0.77 µm and
the precursor crack has a bit larger radius of b = 0.87 µm, which means it is a narrower
microcrack. In the splat thickness h = 2 µm condition, both imperfection and precursor
have an increasing bridge contact radius, which means the microcracks are healed and
show a good creep compliance. When the splat is thickened to h = 10 µm, the asperities
contact radius are reduced and the de-sintered and the imperfection open as a crack. As the
imperfection opens, the relaxation of constraint accelerates the sintering of the precursor.
The comparison was made in the dot-dash line case with no imperfection. Once the crack
is accrued, the stress will be accumulated near the crack tip. The second case replaced the
imperfection with a precursor zone at the crack tip. The open-up area is free of asperity
contact, and the crack tip precursor zone had a gradual increase in the initial asperity
contact radius. The results demonstrates when h = 2 µm, and the crack tip and precursor
are both healed by sintering. When h = 10 µm, the precursor region in the crack tip will
de-sinter and open up as a crack and the narrower precursor crack still sinter at a similar
rate of the thinner splat case. The third case added an intersection with horizontal crack
between the open-up area and precursor zone, which is a common case as it propagates,
and the results shows that it has a similar response in the intersection-free case. Detail of
the mesh construction can be found at Figure 4 in [66].
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These sintering behaviors tell: (1) the growth of existing vertical cracks accelerates
the sintering of microcracks; (2) when the splat viscosity is small, the creep compliant is
better and all vertical cracks tend to close; (3) when the splat viscosity is high, microcracks
dominate the sintering and the corresponding traction will open the larger cracks to
compensate the close-up of microcracks.

7.4. Summary of the Model

The image-based FE model notably simulates various practical cases to examine the
modulus evolution on randomly selected TBC cross-sectional microstructures and the
microstructure evolution, which showed good convergence with experimental data and
validated the proposed numerical models. Sensitivity studies at different length scales
and constraints observed larger viscosity, thickness, asperity contact spacing, grain growth
speed, and constraints can limit the rate of sintering or improve the sintering resistance,
which lengthen the coating life.

Studies demonstrated the effect of sintering on the evolution of topcoat microstructures
when the adjacent cracks exist in the coatings. In general, the finer cracks sinter faster, in
compensation for opening the nearby parallel cracks. The coarser cracks will sinter late
after the finer cracks are fully sintered. The sintering at vertical cracks follows the similar
rule, but the large-scale vertical cracks are more difficult to heal due to the constraint from
substrate superalloy and the traction from sintering of vertical microcracks. Nevertheless,
the image-based FE model can only simulate 2D microstructure and the cracks propagating
in 3D geometry can not be assessed. In future, technologies like Xe Plasma-FIB [68], can
gather 3D microstructure information, with which this 3D image-based FE model can be
established and used to make more realistic and detailed sintering simulations and thus
could provide an accurate life prediction for the coating development.

These models basically represent the latest applications of the sintering model in FEM
implementations and primally demonstrated the validity of the designed workflow. As for
now, many attempts have been made to focus on conventional YSZ materials; however, the
effect of sintering on other TBC materials may evolve differently, which warrants continued
efforts on simulations and verification by experiments in the future. Environment barrier
coating systems (EBCs) is another type of protective coatings designed for gas turbines
to protect the turbine components from the environment attack. The sintering models of
EBCs have been less developed according to the literature [69]. To better understand the
failure mechanisms, the sintering models should be incorporated into degradation such as
oxidation, thermal shock, etc. in FE analysis to simulate the failures with higher fidelity.

8. Conclusions

For decades, thermal barrier coating systems (TBCs) have been designed and fab-
ricated to protect superalloy turbine components from severe heat attack in gas turbine
engines. The increased in-let temperature due to TBCs also significantly raises engine
thermal efficiency. Although much effort has been made to identify the failure mechanisms
of TBCs, there is still a certain knowledge gap on specific degradation and failure mecha-
nisms, particularly the interplay between these mechanisms such as the topcoat sintering
of TBCs and its combination with crack nucleation, propagation and final failure in this
multi-layer system. This paper reviewed a number of selected sintering models including
physics-and mechanics-based analytical and numerical modeling and their integration
with FEM model.

The fundamental formulae of high-temperature sintering involve significant mass dif-
fusion along the grain and surface, while the variational principles implemented the energy
minimization to the TBCs system to evolve the microstructure dimensions. Furthermore,
to better couple the sintering behavior with elastic, thermal, and visco-plastic on topcoat,
the constitutive models of materials are incorporated into the formulae. Both principles
and numerical methods are presented in detail. Particularly, three numerical sintering
models were addressed and summarized in the paper. Nevertheless, the microscopic level
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of understanding cannot fully describe the mechanical properties change. The macroscopic
pores, vertical cracks dramatically reduce the Young’s modulus, but it can be not reflected
in the sintering model due to the scale difference. The latest image-based FEM model that
can couple the sintering at microscopic level pores with greater scale pores and cracks, and
the matching of macroscopic elastic modulus in FEM model and in experiment validated
the effectiveness of the FEM model.

At current time, many TC-BC interface failure analysis and life prediction literatures
using FEM were found using fixed value or experimental data curves as the input of
mechanical properties, made the simulation inaccurate, or costly in experiment. A reliable
sintering model and its coupling with FEM model is necessary to reduce the level of cost
and improve the precision of simulation. It certainly does help for researchers to make
research of failure analysis of versatile of material, spraying method, interface morphology,
and microstructure morphology etc. EBC system is currently being developed, with a
higher level of environmental particle protection and heat shield, can also develop the
corresponding sintering model based on the research on TBC system. For the image-based
approach, which is only studied in 2D yet, can be extended to 3D level by scanning the
microstructure, to study the crack growth in the out-of-plane direction, to further validate
the experimental results. With all these future scopes of work, the gaining of understanding
of sintering behavior, will improve the reliability of coating, and better release the potential
of the coating.
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