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Summary
Plasma sprayed Thermal Barrier Coating systems (TBCs) are commonly used for thermal
protection of components in modern gas turbine application such as power generation,
marine and aero engines. The material that is most commonly used in these applications is
Yttria Partially Stabilized Zirconia (YPSZ) because of this ceramic’s favourable properties,
such as low thermal conductivity, phase stability to high temperature, and good erosion
resistance. The coating microstructures in YPSZ coatings are highly heterogeneous,
consisting of defects such as pores and cracks of different sizes which determine the
coating’s final thermal and mechanical properties, and the service lives of the coatings.
Determination of quantitative microstructure–property correlations is of great interest as
experimental procedures are time consuming and expensive. Significant attention has been
given to this field, especially in last fifteen years. The usual approach for modelling was to
describe various microstructural features in some way, so as to determine their influence on
the overall thermal conductivity of the coating. As the analytical models over-simplified the
description of the defects, various numerical models were developed which incorporated
real microstructure images.
This thesis work describes two modelling approaches to further investigate the
relationships between microstructure and thermal conductivity of TBCs. The first
modelling approach uses a combination of a statistical model and a finite element model
which could be used to evaluate and verify the relationship between microstructural defects
and thermal conductivity. The second modelling approach uses the same finite element
model along with a coating morphology generator, and can be used to design low thermal
conductivity TBCs. A tentative verification of both the approaches has been done in this
work.
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1 Introduction to Thermal Barrier Coating systems
Thermal barrier coating systems (TBCs) are widely used in modern gas turbine engines in
power generation, marine and aeroengine applications to lower the metal surface
temperature in combustor and turbine section hardware (Ref 1-4). Application of TBCs
can provide increased engine performance/thrust by allowing higher gas temperatures or
reduced cooling air flow, and/or increased lifetime of turbine blades by decreasing metal
temperatures (schematically described in Fig. 1). TBC is a duplex material system which is
designed to serve the purpose of protecting gas turbine components from the severe
thermal environment, thus improving the efficiency and at the same time decrease
unwanted emissions (Ref 5). Turbine entry gas temperatures can be as high as 1750 K with
TBCs providing a temperature drop of 200 K across them (Ref 6). TBCs were first
successfully tested in the turbine section of a research gas turbine engine in the mid-1970s
(Ref 1).

Fig. 1. Benefits of using TBCs (Ref 4)

A typical TBC system (schematically described in Fig. 2) consists of an intermediate
metallic bond coat and a ceramic top coat that provides the temperature drop across the
coating. In addition to a low thermal conductivity, TBCs should also have phase stability
during long term high-temperature exposure and thermal cycling. The present state-of-theart TBC is a 6-8% Y2O3-stabilized ZrO2 (YSZ) ceramic applied usually with plasma spray
on a bond coat of NiCrAlY or CoNiCrAlY (Ref 7).
The ceramic top layer is typically applied either by plasma spray or by electron beam
physical vapor deposition (EB-PVD). Figure 3 summarizes a simplified comparison of
plasma-sprayed and EB-PVD TBCs. The main purpose of the top coat is to provide
1
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thermal resistance. The most widely used material for top coats is partially stabilized
zirconia as it has a low thermal conductivity compared to other ceramics such as alumina.
Also, it is durable and chemically stable with a high melting point which makes it a good
choice.

Fig. 2. A typical thermal barrier coating system (Ref 4)

Fig. 3. A simplified comparison of plasma-sprayed (PS) and EB-PVD TBCs properties (Ref 8)

The bond coat provides improved bonding strength between the substrate and the top
coat. It also accounts for the difference in thermal expansion coefficients of ceramic top
coats and metallic substrates. As the porous ceramic top coat is transparent to the flow of
oxygen and the exhaust gases, an aluminum-enriched bond coat composition is used to
2
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provide a slow growing, adherent aluminum oxide film known as thermally grown oxide
(TGO). TGO layer provides oxidation protection to the substrate as alumina has very low
diffusion coefficients for both oxygen and metal ions.
Failure mechanisms in TBCs are very complex and are usually a mixture of several
mechanisms. The primary failure method is spallation of the coating due to a fracture in the
ceramic layer or the TGO layer. These types of failures occur if either the stress increases,
the material strength decreases or a combination of the two. The stress will increase due to
mismatch in thermal expansion, temperature gradient and growth of the thermally grown
oxide. The material can lose strength due to sintering at high temperatures, propagation of
cracks and depletion of aluminum which will lead to growth of more brittle oxides.
Erosion of the coating is another failure mechanism.
Improvement in the performance of TBCs remains a key objective for further
development of gas turbine applications. A key objective for such applications is to
maximize the temperature drop across the top coat, thus allowing higher turbine entry
temperatures and thus, higher engine efficiencies. This comes with the requirement that the
thermal conductivity of the top coat should be minimized and also that the value should
remain low during prolonged exposure to service conditions. Therefore growing and large
research efforts are made in this area as this is the major factor affecting engine efficiency.

2 Yttria Partially Stabilized Zirconia
Zirconia-ceramics are one of the very few non-metallic materials which have good
mechanical properties as well as electrical properties, apart from having low thermal
conductivity. These properties are exhibited due to the particular crystal structure of ZrO2,
which is principally a fluorite type lattice. Pure ZrO2 has a monoclinic crystal structure at
room temperature and undergoes phase transformations to tetragonal (at 1197°C) and
cubic (at 2300°C) at increasing temperatures with a melting point of about 2600°C (Ref 9).
Figure 4 shows the phase diagram for the zirconia-yttria system. The Zr4+-ions in the cubicZrO2 have very low coefficients of diffusion as they are very immobile which gives ZrO2 a
very high melting point and good resistance to both acids and alkalis. On the other hand,
the O2--ions are highly mobile, which makes the cubic phase ion conducting and thus
providing it good electrical properties. The main sources of ZrO2 in nature are zircon
(ZrSiO4) and baddeleyite. Apart from TBCs, ZrO2 has widespread applications in fuel cells,
jewellery (cubic- ZrO2), oxygen sensors, electronics, etc.
The volume expansion which occurs due to the phase transformation from cubic (c) to
tetragonal (t) to monoclinic (m) phases causes large stresses which will produce cracks in
pure ZrO2 upon cooling from high temperature. Thus, several oxides are added to stabilize
the tetragonal and/or cubic ZrO2 phases like yttria (Y2O3), ceria (Ce2O3), magnesium oxide
(MgO), calcium oxide (CaO) etc. Specific additions of cations like Y3+, Ca2+ into the ZrO2
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lattice causes them to occupy the Zr4+-positions in the lattice which results in the formation
of anion gaps in order to maintain the charge equilibrium.

Fig. 4. Phase diagram for the zirconia-yttria system (Ref 10)

Yttria partially stabilized zirconia (YPSZ) is preferred to CaO or MgO stabilized zirconia
for TBCs as YPSZ coatings have been proved to be more resistant against corrosion (Ref
11). Also, YPSZ coatings exhibit highest degree of resistance to coating failure due to
spallation and an excellent thermal stability (Ref 12). Its major disadvantage is the limited
operating temperature (<1473 K) for long-term application (Ref 11). At higher
temperatures, the metastable t’-tetragonal phase, which is the main phase present at the
room temperature, transforms first to tetragonal and cubic (t + c) phase and then to
monoclinic (m) phase during cooling, which results in volume contraction, and
consequently, formation of cracks in the coating (Ref 11). Also, as the YPSZ coatings
possess high concentration of oxygen ion vacancies, they facilitate oxygen transport at high
temperatures which results in the oxidation of the bond coat. This leads to the failure of
TBCs due to spallation of the ceramic. This problem is solved by inducing the formation of
slow growing oxide film, known as thermally grown oxide (TGO), which is oxidation
resistant, and allows small counter-diffusion of the metallic elements. Thus alloys based on
Ni(Al) with various additions such as Cr, Co, Pt, Y and Hf are used which form α-Al2O3
upon oxidation as it fits well with the required criterion for choosing bond coat material
(Ref 13).

4
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Except YPSZ, other ceramics which are used as TBC materials are mullite, Al2O3, TiO2,
CeO2 + yttria stabilized zirconia, La2Zr2O7, CaO/MgO + ZrO2, etc. (Ref 11).

3

Plasma-Sprayed Microstructure

Plasma is an electrically conductive gas containing charged particles. When a gas is excited
to high energy levels, atoms loose hold of some of their electrons and become ionised
producing plasma containing electrically charged particles (ions and electrons) with
temperatures ranging from 7,000 to 20,000 K. The plasma generated for plasma spray
process usually incorporates one or a mixture of argon, helium, nitrogen, and hydrogen.
The advantage of plasma flame is that it supplies large amounts of energy through
dissociation of molecular gases to atomic gases and ionisation.

Fig. 5. Cross-section of an external injection plasma spray gun (Ref 7)

A typical plasma spray process can be described in the following steps

First, a gas flow mixture (H2, N2, Ar) is introduced between a water-cooled copper
anode and a tungsten cathode.



A high intensity DC electric arc passes between cathode and anode and is ionised
to form a plasma to reach extreme temperatures (~15000 K)



The coating material in the form a fine powder conveyed by carrier gas (usually
argon) is introduced into the plasma plume via an external powder port which is
heated to a molten state
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The compressed gas propels the molten particles towards the substrate with particle
velocities ranging from 200-800 m/s

Figure 5 shows the cross-section of an external injection plasma spray gun.
Materials suitable for plasma spraying include zinc, aluminium, copper alloys, tin,
molybdenum, some steels, and numerous ceramic materials (Ref 7). The advantage of using
plasma spray process compared to combustion processes is that it can spray materials with
very high melting points (refractory metals like tungsten and ceramics like zirconia). On the
other hand, it has relatively higher cost and increases the process complexity.
Plasma sprayed coatings are built up particle by particle. Each individual molten or semimolten particle impacts the substrate surface and flattens, adheres and solidifies to form a
lamellae structure called splat. Unmelted particles are bounced back from the substrate
reducing the deposition efficiency of the coating. When a spherical liquid droplet strikes a
flat surface with a high impact velocity, it tries to flatten to a disc but the radially flowing
thin sheet of liquid becomes unstable and disintegrates at the edges to form small droplets.
This process is interrupted by rapid solidification in the case of plasma spray as the
substrate is well below the melting point of the droplet, with a cooling rate as high as 106 K
s-1 (Ref 14). Major part of the heat energy from the particle is transferred to the substrate
by conduction and the solidification starts at the interface between the particle and the
substrate. Heat transfer due to convection and radiation makes a small contribution at the
conditions of plasma spray process (Ref 5).
Small voids exist between the splats, which can be in the form of globular voids (due to
trapped gases), cracks (created mainly during the rapid cooling of the splat, another major
reason being relaxation of the residual stresses) or incomplete bonding between splats (due
to lack of adhesion). The real area of contact between splats is around 20% (Ref 14), due to
which the properties of the coatings, such as mechanical, thermal and electrical properties,
are very different compared to the sprayed bulk material. The major factors influencing the
structure of a coating are the temperature, velocity and size distribution of the incident
particles, apart from substrate temperature and roughness (Ref 15).
The mechanical and thermal properties and the life time of TBCs depend mainly on the
various microstructural features present in the topcoat. A thermally YPSZ coating has a
thermal conductivity around 0.5-1 W m-1K-1, as compared to the thermal conductivity of
2.5 W m-1K-1 for bulk material (Ref 5). A large amount of pores and cracks perpendicular to
the heat flow will provide better insulation properties to the coating (Ref 16). On the other
hand, these horizontal cracks might propagate due to the thermal and mechanical stresses
during working of TBCs and eventually lead to failure of the coating by spallation (Ref 5).
Segmentation cracks, which are the long vertical cracks orthogonal to the surface of the
coating, increase the flexibility of the coating as they help in relaxing the residual stresses
within the coating (Ref 6). Again, on the other hand, these vertical cracks lower the thermal
conductivity of the coating as they allow the flow of high temperature turbine gases, thus
increasing the heat transfer to the substrate (Ref 6). To achieve a low thermal conductivity
6
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and high stain tolerant TBC with a sufficiently long life time, an optimization between the
distribution of horizontal and vertical cracks is required.

4 Heat Transfer Mechanism
4.1 General Theory
The theory of heat transfer in crystalline solids is described very well in literature (Ref 17).
It has been briefly reviewed in other sources as well (Ref 6, 18-20).
Heat energy can be transferred by three mechanisms in crystalline solids- electrons, lattice
waves (phonons) and electromagnetic waves (photons) (Ref 18). The total thermal
conductivity Κ, which is the sum of the three components, can be expressed in general
form as (Ref 18)(Eq 1)
where Cp is the specific heat at constant pressure, N is the total number of energy carriers, v
is the velocity of a given carrier (group velocity if the carrier is a wave), and l is the
corresponding mean free path.
The electrons are capable of transferring energy only when they are free of interactions
with the crystal lattice. This type of electrons is present only in metals and partly in metal
alloys, especially at high temperatures. The electronic thermal conductivity part Κe is
proportional to the product of the temperature and the electron mean free path, with νe
being independent of temperature (Ref 18). The electron mean free path has two partsresidual mean free path, which is related to the scattering of electrons by defects, and
intrinsic mean free path, which is related to the scattering of electrons by lattice vibrations.
The residual mean free path is independent of temperature while intrinsic mean free path is
directly proportional to temperature. At low temperatures, the electrons are mainly
scattered by the defects, while as the temperature increases, the scattering mechanism by
the phonons becomes more and more dominant. Therefore, the electronic component of
thermal conductivity is proportional to temperature at low temperatures, becoming less
dependent as temperature increases, and finally becoming independent of it at high
temperatures (Ref 18).
Lattice thermal conduction, or heat energy transport by phonons, occurs in all type of
solids, with the phenomenon being dominant in alloys at low temperatures and in ceramics.
At low temperatures (T), the component of thermal conductivity related to heat transport
by phonons, Κph may be represented by an exponential term exp(T*/T), whereas it is
inversely proportional to temperature at high temperatures (Ref 18). Here T* is the
characteristic temperature of the material which is generally proportional to the Debye
temperature. Κph may also be expressed as (Ref 20)7
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(Eq 2)
where Cv is the specific heat at constant volume, ρ is the density, and lp is the mean free
path for scattering of phonons.
Heat energy transport by photon conduction (radiation) occurs especially at high
temperatures in materials transparent to infrared radiation such as ceramics (over 12001500 K) and glasses (over 900 K) (Ref 18). The radiative component of the thermal
conductivity, Κr can be expressed as (Ref 20)(Eq 3)
where n is the refractive index and lr the mean free path for photon scattering (defined as
the path length over which the intensity of radiation will reduce by a factor of 1/e), and σs is
the Stefan-Boltzman constant.
In real crystal structures, scattering of phonons occurs due to their interaction with lattice
imperfections in the ideal lattice, like vacancies, dislocations, grain boundaries, atoms of
different masses and other phonons. Phonon scattering may also occur due to ions and
atoms of different ionic radius as they distort the bond length locally, and thus, elastic
strain fields might be present in the lattice. The phonon mean free path lp is defined as (Ref
20)(Eq 4)
where li, lvac, lgb and lstrain are mean free path associated with interstitials, vacancies, grain
boundaries and lattice strain, respectively. The intrinsic lattice structure and the strain fields
mainly affect the phonon mean free path in conventional materials, with the grain
boundary term having the least effect.
Thermal conduction in gases depends on the molecular mean free path, λ, of the gases. λ is
a function of temperature and pressure P, and is proportional to T/P for ideal gas
behaviour (Ref 6). The thermal conductivity of a gas, Κg, in a constrained channel of length
dv can be expressed as (Ref 6, 21)(Eq 5)
where Κ0g is the normal (unconstrained) conductivity of the gas at the temperature
concerned, and B is a constant which depends on the gas type and the properties of the
interacting solid surface (Ref 6).

4.2 Application to TBCs
In a real engine environment, TBCs protecting the substrate receive radiation which can be
classified into following two categories– far-field and near-field radiation (Ref 19). Figure 6
shows the temperature distribution across a typical TBC system from the hot gases in the
combustor to the substrate.
8
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Far-field radiation comes from the combustion gases which are at temperatures around
2000°C, having a spectral distribution same as that of a black body at that temperature.
This far-field radiation makes a small contribution as the hot combustion gases have finite
thickness and limited opacity and thus have reduced emissivity, which results in the farfield radiation being reduced by a geometrical factor.
Near-field radiation comes due to the layer of cooler gas, at around 1200°C, which is
adjacent to the top coat. The top coat ceramic surface, which is at the same temperature as
this gas layer, emits radiation which can pass through the partially transparent ceramic top
coat to the metallic bond coat and the substrate. This near-field radiation contributes to the
thermal conductivity of the ceramic and can affect it significantly at elevated temperatures
(Ref 19).

Fig. 6. Temperature distribution across a typical thermal barrier coating system (Ref 19)

The three very important factors influencing the heat conduction in thermally sprayed
coatings are the dimensions of the grains, the impurities and the porosity (Ref 18), as it can
be also seen from Eq 4.
The grain dimensions depend on the solidification conditions of sprayed liquid droplets,
which depends mainly on spraying technique, cooling of the substrate and the thickness of
the sprayed coating (particles solidifying on previously deposited layers have lower
solidification rates and thus larger grain sizes) (Ref 18). The grain size influences the
phonon mean free path only at low temperatures, with the crystal structure being the major
factor influencing mean free path rather than the grain size (Ref 18).
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The typical impurities present in plasma sprayed coatings are, besides oxides, the copper
and tungsten particles coming from the electrodes of the torch, and the sand blasted
particles at the interface between coating and substrate. The effect of these impurities on
thermal properties of coatings can be ignored if the electrodes are cleaned systematically
and the substrate is cleaned after sand blasting (Ref 18).
The thermal conductivity of gas inside a pore is close to that of free gas if the dimensions
of the pore are much larger than the mean free path (L < 10λ), but it can fall significantly
below the free gas value for even moderately fine structures (L < ~1 μm) (Ref 6). It can be
seen from Eq 5 that both pore thickness and gas pressure can affect the pore conductivity
significantly, as well as the temperature (Ref 21). Convective heat transfer within the pores
can be neglected for plasma-sprayed TBCs, as it is only likely to be significant if the pores
are large (L > ~10 mm) (Ref 6). Also, convective heat transfer through the porosity
network can also be neglected, even though most porosity in TBCs is normally interconnected (Ref 6).

Fig. 7. A schematic representation of heat transfer mechanisms in zirconia-based plasma-sprayed
TBCs (Ref 6)

As zirconia based ceramics are electronic insulators with electrical conductivity occurring
only at high temperatures by oxygen ion diffusion, there is no contribution to thermal
conductivity due to electrons. Thus conduction in zirconia takes place only by lattice
vibrations or radiation (Ref 20). Adding yttria to zirconia modifies the lattice structure
locally, introduces ion vacancies and generates local strain fields due to the incorporation of
large dopant atoms, which results in lower intrinsic mean free path and thus, reduced
thermal conductivity (Ref 20). However, this effect is observed only for yttria contents less
than a critical value (Ref 12). The radiative heat transfer part in zirconia-based plasma-
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sprayed TBCs becomes significant only at temperatures above ~1500 K (Ref 6). The
contribution from radiation depends on the radiation scattering lengths, which increases as
the grain structure coarsens and inter-splat contact area increases (Ref 6). Figure 7 briefly
summarizes the heat transfer mechanisms occurring in zirconia-based plasma-sprayed
TBCs.

5 Modelling of Thermal Conductivity in TBCs
As discussed earlier, thermal conductivity of plasma sprayed TBCs depends highly on the
microstructure of the sprayed coating. Until late 1990s, most of the efforts to reduce
thermal conductivity in TBCs were made with an empirical approach, i.e. to find adequate
spray parameter settings. After that, more emphasis was put on understanding the
fundamental relationships between microstructure and thermal conductivity, by both
experimental and modelling methods.

5.1 Analytical Models
Since the end of 19th century, several analytical models have been developed for
determining the thermal conductivity of multiphase solids, especially in porous materials.
Brief reviews of such works have been done earlier (Ref 18, 21-25). Most of these models
consisted of randomly distributed non-interacting pores or ellipsoids, or periodic
structures. The first model developed by Maxwell-Eucken was given as (Ref 18)(Eq 6)
where Κtot is the thermal conductivity of porous material, Κd is the thermal conductivity of
dense material and P is the fraction of porosity; assuming that the thermal conductivity of
pores Κp is small compared to Κd. More recently, another model was developed by Klemens
given as (Ref 26)(Eq 7)
Hasselman (Ref 16) developed a model which calculated the effect of cracks of various
orientations on the thermal conductivity of solid materials. He concluded that maximum
thermal insulation is obtained with cracks perpendicular to the direction of heat flow while
cracks parallel to the direction of heat flow have no effect on thermal conductivity.
In this work, focus is placed on models based on plasma sprayed coatings.
The first analytical model in this field was proposed by McPherson (Ref 27) which involved
regions of good and poor contact between lamellae where the regions of poor contact act
as thermal resistances. The model can be given as (Ref 27)(Eq 8)
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where f is the fraction of ‘true contact’, δ is the lamellae thickness and a is the radius of
individual contact areas. This model predicts Κtot/Κd ≈ ¼, which is the right order of
magnitude. Li et al. (Ref 28) further developed this model and proposed quantitative
structural parameters to characterize the deposit lamellar structure instead of porosity
content, the most important parameter being the bonding ratio at the interfaces between
lamellae. Thus, they incorporated the thermal resistance of the lamellae into the model.
Boire-Lavigne et al. (Ref 29) also included the oxide layer resistance in the contact areas in
the model. They used this analogy to determine the thermal diffusivity of plasma-sprayed
tungsten based coatings, where the geometrical parameters were calculated from an image
analysis procedure.
Bjorneklett et al. (Ref 30) compared experimental values of thermal diffusivity for ZrO27% Y2O3 and Al2O3-3% TiO2 plasma sprayed coatings with analytical models based on
effective medium theories. Models representing three different microstructures were
considered- a continuous ceramic with dispersed pores, a continuous ceramic matrix with
continuously interconnected pores, and dispersed ceramic loosely bonded together. It was
shown that last two microstructures conformed best to the theoretical values meaning that
plasma sprayed ceramic coatings behaves more like an agglomerate of ceramic particles
rather than a solid ceramic sheet with pores regarding thermal conductivity (Ref 29). This
behaviour is also in agreement with the formation process of a plasma sprayed coating.
Sevostianov et al. (Ref 31) developed a model which gave an explicit relation between the
anisotropic thermal conductivities and the microstructure parameters of plasma sprayed
TBCs. The microstructure was assumed to be composed of two families of penny-shaped
cracks- horizontal and vertical. The orientational scatter was also accounted for in the
model by an appropriate orientation distribution function. The effective conductivity was
dependent mainly on the crack densities and their orientational scatters, and the overall
porosity played only a secondary role (Ref 31). The thermal conductivity in the direction
perpendicular to the substrate was given by the expression (Ref 31)(Eq 9)
where αv is the component of crack density tensor in the direction perpendicular to the
substrate that incorporates the crack densities of both pore families and their orientational
scatters. An explicit correlation between elastic and conductive properties, dependent only
on the elastic and conductive properties of the bulk material, was also derived later (Ref
32). The simplified expression is given as (Ref 33)(Eq 10)
where Ed is the Young’s modulus of bulk material and Etot is the Young’s modulus in the
direction normal to the substrate. More accurate correlations for the two cases of ideally
parallel and randomly oriented cracks were also given later, which indicated that the actual
cross-property factor would be slightly lower than the one in Eq 10 (Ref 34). Eq 9 and Eq
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10 were also verified on YPSZ coatings by using the image analysis data from
photomicrographs of the coatings and comparing the predicted values to experimental
values which were in good agreement (Ref 33).
Lu et al. (Ref 35) made a model which included different kind of pore morphologiesrandomly oriented pores, aligned but spatially random pores, periodic pores and zigzag
pores, with distributed pore shapes. Finite element method was used to compute the
conductivity related to zigzag pores. They applied the model on TBCs made by EB-PVD.
Golosnoy et al. (Ref 21) developed an analytical model which comprised of solid layers
separated by thin, periodically bridged, gas-filled voids. The model was based on dividing
the material into two independent zones- one characterized by unidirectional serial heat
flow occurring through lamellae and pores, and the other by channelled conduction
through the bridges between the lamellae. Radiative heat transfer and the effect of gas
pressure inside the pores were also included in the model, and thermal conductivity was
computed over a range of temperatures. Cipitria et al. (Ref 36) used this geometrical model
to develop a sintering model based on application of the variational principle to diffusional
phenomena. It also accounted for the effects of surface diffusion, grain boundary diffusion
and grain growth. Good agreement was found between these two models and experimental
results.
The over-simplification of porosity description in the analytical models limits the predictive
capacity and the certainty for the complex interconnected porous structures. Numerical
schemes seem to be more promising in such cases as they involve a material structure
which is close to the real structure.

5.2 Numerical Models
Cunningham et al. (Ref 37) gave a porosity correction factor for an infinite cubical array of
spheres. The domain was considered to be made up of elements consisting of unit cube
containing a sphere at the centre. The porosity correction factor for thermal conductivity
was given as (Ref 37)(Eq 11)
Hollis (Ref 38) developed a model using finite element method (FEM) to compute the
thermal conductivity of Vacuum plasma sprayed (VPS) and Atmospheric plasma sprayed
(APS) tungsten coatings. The domain of the model was a two-dimensional (2D) image
recorded using a Scanning Electron Microscope (SEM). The image was thresholded based
on the grey scale level in the micrographs. The dark phase represented the pores while the
light phase represented tungsten. A finite element mesh was created over the image. It was
observed that VPS coatings were well represented by the 2D model while APS coatings
were not due to their complex microstructure (Ref 38). A method to compensate for 3D
pore structure effects was also proposed by choosing the maximum effective pore length
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(MEPL) for APS coatings, and sectioning and shifting the model prior to performing the
node temperature calculation (Ref 38).
Bakker (Ref 39) used FEM to calculate the conductivity of a matrix containing a dispersed
phase. A 2D image of UO2 matrix was used to create a finite element mesh over it which
accounted for the influence of the shape, the orientation and the distribution of the
dispersed phase material on the conductivity. An expression relating the 2D conductivity
obtained from the finite element analysis and the actual conductivity in 3D microstructure
was also given (Ref 39)(Eq 12)
where Κp is the thermal conductivity of the porosity phase, and r is a parameter that
depends mainly on the ratio Κp/Κd.
A finite difference method based approach was given by Dorvaux et al. (Ref 22) by
developing software for the computation of the thermal conductivity of porous coatings
from binary images of real material cross sections. This approach takes account of the
complex morphology of the ceramic. It was used to determine the contribution of each
pore family (globular pores, cracks etc.) to thermal insulating capabilities with the help of
image analysis. It was concluded that major heat insulation is provided by the cracks
oriented perpendicular to the heat flow direction (Ref 22). This approach was used later as
an alternative to diffusivity measurements for ranking coatings according to their heat
insulation capacity with regard to the morphology (Ref 40). It was also used to study the
relationship between sintering effects and thermal conductivity increase, and to study the
effect of pressure on thermal conductivity of TBCs (Ref 41). This approach was associated
to a morphology generator to develop the software Tbctool (ONERA, France) for building
a predictive tool which was can be used to generate plasma sprayed TBC like morphology.
Another software based on FEM was developed by Langer et al. (Ref 42), which can be
used to predict thermal conductivity starting from the microstructure image, called OOF
(named for its object-oriented finite elements). It was further developed to its current
version OOF2 which is a public domain software (Ref 43, 44). It uses an adaptive meshing
routine to create a finite element mesh over an image on the basis of colour difference.
During the meshing procedure, the elements are refined and the nodes are moved so that
the material interfaces are well defined. Finer elements are automatically generated near the
interfaces to account for higher gradients. OOF2 is limited to solving steady state
problems.
Bartsch et al. (Ref 45) compared the results from finite-difference (Tbctool) and finiteelement (OOF) simulations for determining the thermal response from binary images of
EB-PVD TBC microstructures. It was observed that the results are more accurate with
decreasing mesh size, and the when the calculated section area of the microstructure image
14
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is larger (Ref 45). The finite-element codes resulted in higher conductivity values compared
to finite-difference codes, for same sections and similar mesh width (Ref 46). It was
concluded that finite-difference codes take less computer memory for calculations for
larger models (Ref 45).
Jadhav et al. (Ref 46) used OOF and an analytical model to predict thermal conductivity of
APS and solution precursor plasma spray (SPPS) coatings and compared them to the
experimental values measured by laser flash technique. It was concluded that OOF model
fitted better with experimental values compared to the analytical model and it captured the
effect of real microstructures on the thermal conductivities more accurately (Ref 46).
Michlik et al. (Ref 47) used the OOF pre-processor to generate the finite element mesh
over an image and thereafter an in-house developed solver that was based on Extended
FEM (XFEM), for predicting thermal conductivity values of YPSZ coatings. This allowed
the incorporation of crack structures in the model as it did not require mesh connectivity
of element behaviour redefinition with every crack structure change, thus enabling
simulation of arbitrary cracks (Ref 47).
Bolot et al. (Ref 48) predicted thermal conductivity of AlSi/polyester coatings with two
different numerical codes- TS2C (based on finite differences) and OOF. Some
discrepancies between the values obtained was observed, why the code was developed
further by changing the discretization method which gave better results (Ref 49).
Kulkarni et al. (Ref 50) used small-angle neutron scattering (SANS) to study the effect of
material feedstock characteristics (powder morphology) on the properties of plasma
sprayed YPSZ coatings. A 2D finite element model representing the coating microstructure
was built from the volumetrically averaged information available from the SANS data. The
voids were divided into three families- interlamellar pores (assumed to hexagonal in shape),
intrasplat cracks and globular or irregular pores. Aspect ratios were assumed for each void
family and the volume fractions, mean pore dimensions and orientations were taken from
anisotropic multiple SANS (MSANS) data. The predicted thermal conductivity was higher
than the experimentally measured values due to lack of information on the splat boundaries
and pore size distribution (Ref 50).
Wang et al. (Ref 51) compared the models based on SANS and OOF for predicting
thermal conductivity of plasma sprayed PYSZ coatings. The effect of splat boundaries on
thermal conductivity was also discussed, and it was concluded that splat interfaces account
for 25-60% of the total reduction in conductivity, with larger values for higher splat
interface density coatings (Ref 51).
Tan et al. (Ref 52) used processed SEM images of coating microstructure to generate a
two-dimensional finite element mesh and predict the effective thermal conductivity using a
commercial finite-element code for YPSZ, molybdenum and NiAl coatings. It was
observed that the modelling procedure was not sensitive to slight changes in the threshold
level of the images (Ref 52). For YPSZ coatings, the predicted thermal conductivity values
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were higher than the values measured by laser flash technique, but they still followed the
same trends, for both before and after annealing the coatings (Ref 52).
Liu et al. (Ref 53) developed a 3D finite element model which included spherical pores and
unmelted particles, and ellipsoidal cracks, each inside a unit cell. The unmelted particles
were assumed to be completely debonded from the substrate. The unit cell model was used
to predict the thermal insulation behaviour of different features on YPSZ plasma sprayed
coatings.
Qunbo et al. (Ref 54) used digital image processing to create a finite element mesh over a
real microstructure image to predict the thermo-mechanical properties of TBCs, and
observed that transverse are most significant for thermal insulation.

6 Objective
Development of TBCs with even lower thermal conductivity to provide further
improvements in engine performance is of great interest. This demands new coating
designs and new coating morphologies, apart from research in the field of new spray
materials. The usual approach to develop new coating designs is to experimentally spray
and evaluate new coating morphologies by changing process parameters i.e. to empirically
derive relationships between process parameters, coating microstructures and coating
properties. The drawbacks in this approach are that it is time consuming, expensive,
specifically if new coating designs are to be developed and that it does not provide any
fundamental understanding of microstructure-property relationships. To derive
microstructure–property correlations by simulation would therefore be an advantage.
The objective of this work is to provide the necessary understanding of relationships
between the coating microstructure and thermal conductivity of TBCs, and to develop a
simulation approach which could be used to design a low thermal conductivity TBC. The
ultimate goal is to enhance the coating performance and to reduce the research costs for
the development of an efficient coating design, thus leading to the application of plasma
sprayed coatings to new fields.

7 The Present Study
The present modelling work has been divided into two parts. The first part (Ref 55)
focuses mainly on the fundamental understanding of the relationships between coating
microstructure and thermal conductivity of TBCs by using a combination of OOF with
multivariate statistical modelling. The statistical model was first used for screening and
tentative microstructure –property relationship building and the finite element model was
thereafter used for verification of the statistical modelling results and physical
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understanding. The second part (Ref 56) focuses on the design of low thermal conductivity
TBCs. It describes a simulation approach which could be used for this purpose along with
a tentative verification of the approach. The combination of OOF and Tbctool was used in
this work.

7.1 Experimental Procedure
7.1.1 Sample Production
The samples in this work were sprayed using a combination of powders and spray
equipment to produce six different coatings. Powders with modified chemistry were
chosen including high purity powders for sintering resistance, Dysprosia Partially Stabilized
Zirconia (DyPSZ) for lower thermal conductivity and porosity former containing powder,
in order to achieve a range of microstructure. Agglomerated & Sintered (A&S) and
Homogenized Oven Spheroidized Particles (HOSP) morphologies were used. Thick dual
layer coatings were also produced using both powder morphologies.
Spraying was carried out by Atmospheric Plasma Spraying (APS) using either the Sulzer
Metco F4 or Triplex gun. Nickel based superalloy Hastelloy X was chosen as the substrate
material. A standard NiCoCrAlY (Sulzer Metco AMDRY 365-2) bondcoat of 200±10μm
was applied for all samples using the Sulzer Metco F4 gun. Topcoat material was 8 wt. %
Yttria Partially Stabilized Zirconia (YPSZ). The coating systems are summarized in Table 1.
Table 1. Description of the coatings

Coating System

Material

Process

1

A&S YPSZ

APS (F4)

2

High Purity HOSP YPSZ
(Metco 204C-NS)

APS (F4)

3

High Purity HOSP YPSZ
(Metco 204C-NS)

Triplex

4

High Purity A&S YPSZ
(AE 9538)

APS (F4)

High Purity A&S DyPSZ (AE 9581)
+
High Purity HOSP DyPSZ (AE 9556)

APS (F4)

High Purity A&S YPSZ
(AE 9538)
+
High Purity HOSP YPSZ
(Metco 204C-NS)

APS (F4)

5

6
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Two different sample geometries were sprayed in the investigation, cylindrical Ø25.4 x
5mm coupons, and 30 x 30 x 1.54mm plates for microstructure analysis and thermal
conductivity measurement. Coating thickness was approximately 300μm and approximately
800µm for the dual layer coating.
Since sintering resistance is of high importance for the lifetime of a TBC coating, a short
term heat treatment was carried out on a sample of each coating. The heat treatment was
carried out in standard atmosphere at 1150°C for 100 hours.
7.1.2 Thermal Conductivity Measurements
Laser Flash analysis has become the most accepted method for measurement of thermal
diffusivity of TBC’s at varying temperatures. In this study, a Netzsch Laser Flash Analysis
427 (Netzsch Gerätebau GmbH Germany) was used to assess the coatings thermal
diffusivity at room temperature in a dynamic argon atmosphere. During the test, the
sample was hit with a laser pulse that increases the temperature on the back face. This
temperature rise is detected using an InSb infra-red detector. The response is normalised
and thermal diffusivity, α, is calculated from the following formula (Ref 57)(Eq 13)
where L is the thickness of the sample and t is the time taken for the total temperature
increase. Corrections are taken on the data to account for radiative losses in heat.
Differential Scanning Calorimeter 404C (Netzsch Gerätebau GmbH Germany) was used to
establish the specific heat capacity of the 3 coatings, bond coat and substrate. The
combination of measured specific heat capacity and thermal diffusivity was used to
calculate thermal conductivity, λ, using the following equation (Ref 57):
(Eq 14)
where ρ is the density and Cp is specific heat capacity. Density for the coatings was
calculated by using Archimedes method.
Thermal conductivity results are presented in Fig. 8. Calculated conductivity for all six
coating systems is shown at room temperature for as-sprayed samples and samples heat
treated for 100 hours at 1150°C. The standard deviation for the measured conductivity
value ranges from 0.003-0.008 W m-1 K-1 depending upon the sample.
7.1.3 Image Analysis and Microstructure
A sample from each set of coatings was mounted, cut and polished in cross-section in the
standard way. Samples were then inspected using optical microscopy and Scanning
Electron Microscopy (SEM). The porosity measurement was carried out using an image
analysis routine developed in the HITS- Brite Euram project (Ref 58). According to this
procedure, 25 images were taken across the coating cross section to represent the coating
microstructure. The images were then processed using the Aphelion image analysis
software (ADCIS, France). All images obtained using optical microscopy were taken at
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250x magnification, and SEM were taken at 500x magnification using backscattered
electron mode. The same image analysis procedure was followed for both types of images.
The image (originally in grey scale) is converted into binary format by the use of
thresholding; with the matrix represented by the black and the cracks and pores by the
white. This is normally operator dependent why an auto-thresholding algorithm was used
to remove errors caused by operator variations. The Aphelion software creates a grey level
histogram of every pixel for each row and then takes the average of two neighbouring
rows. From this, the software can establish the critical threshold level for the image and so
what should be used for the conversion.

Fig. 8. Thermal conductivity results from Laser Flash experiments

The software is able to differentiate between cracks and pores by using the height to length
ratio and calculate the amount of ‘all pores’ and ‘all cracks’. By analysing the arrangement
of pixels, it is possible to differentiate ‘free cracks’, i.e. the cracks which are not in contact
with any of the pores, and ‘free pores’, which are not in contact with any of the cracks; thus
making it possible to differentiate ‘pores in contact with cracks’ and vice versa as well.
Again, this process is automated to remove operator dependent errors.
The information on crack angles is found from the image of ‘only cracks’. Firstly, the
software separates the cracks. It then creates a tie line (a straight line from the start of the
crack to the end), one pixel in width, for each crack. The lengths of the tie lines can be
measured in terms of number of pixels. The tie lines are grouped into specified angle
ranges (based on the angle they make to the horizontal reference). All the tie line lengths in
each angle range are added together, resulting in the total number of pixels which make up
the tie lines in that angle range.
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7.2 Part I
7.2.1 Statistical Model
In this part (Ref 55), first multivariate statistical modelling was used to predict the response
variable thermal conductivity based on the predictor variables shown in Table 2, the data
used to estimate the model being obtained from the image analysis using Aphelion as
described earlier.
Table 2. Predictor variables used in the statistical model

X1

only the cracks which are in contact with pores

X2

free cracks

X3

only the pores which are in contact with cracks

X4

free pores

X5

0°< X5 ≤15°, crack angle

X6

15°< X6 ≤30°, crack angle

X7

30°< X7 ≤45°, crack angle

X8

45°< X8 ≤60°, crack angle

X9

60°< X9 ≤75°, crack angle

X10

75°< X10 ≤90°, crack angle

X11

90°< X11 ≤105, crack angle

X12

105°< X12 ≤120°, crack angle

X13

120°< X13 ≤135°, crack angle

X14

135°< X14 ≤150°, crack angle

X15

150°< X15 ≤165°, crack angle

X16

165°< X16 <180°, crack angle

X17

0° and 180°, crack angle

The details of the statistical model can be found in the paper (Ref 55). It was concluded
from the model that pores and cracks when in contact affect the thermal conductivity more
than crack angles, free cracks and free pores. The results from the statistical analysis were
thereafter evaluated by finite element modelling using OOF2.
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7.2.2 Modelling using OOF2
As discussed earlier in Section 5.2, OOF2 can be used to determine macroscopic properties
from images of real microstructures. For this study, the binary images (A) generated using
Aphelion from the SEM images taken for sample 4 (as-sprayed) were taken into
consideration in the finite element analysis. Images representing ‘free pores’ (B), ‘free
cracks’ (C) and ‘pores and cracks in contact’ (D) were generated using Aphelion as well.
These binary images were used as input in OOF2. First, two pixel groups were generated in
OOF2 on the basis of colour representing YPSZ and porosity. Then a finite element mesh
was generated on the basis of features and colours present in the image by using an
adaptive meshing procedure. The two constituents were then assigned material properties,
i.e. thermal conductivity values, according to the pixel groups defined in the binary image.
Figure 9b shows a part of the mesh generated by OOF2 using one of the SEM images for
sample 1 (heat treated) shown in Fig. 9a. The mesh in total had approximately 190000
elements and 440000 nodes.
(a)

(b)

Fig. 9. (a) The image taken using SEM which was used to produce binary image A1. The red box
denotes the area represented in Fig. 4(b). (b) A part of the finite element mesh generated by OOF2
from image A1 (red area denotes ‘YPSZ’ and white area denotes ‘porosity’)

The thermal conductivity value was determined by solving the heat equation in the 2D
domain. A temperature difference of 10°C (ΔT) was set-up as boundary conditions
between the top and bottom surfaces, while the sides were assumed to be completely
insulated in the model. In steady state, the resultant heat flux across any transverse crosssection (area A) will be constant. Thus, the following heat equation can be used to
determine the thermal conductivity (K) of the coating microstructure:
(Eq 15)
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where dQ/dt is the heat energy flow/unit time across the transverse cross-section and Δx is
the thickness of the model. The value of thermal conductivity for bulk YPSZ (KYPSZ) taken
in this study was 2.5 W m-1K-1 (Ref 6), and for pores/cracks (Kporosity) was 0.026 W m-1K-1,
assuming it to be same as that of air (at room temperature and atmospheric pressure).
As the area representing the image is only a small fraction of the total cross-sectional area
of the coating and the microstructure features might vary from one part of the coating to
the other, a statistical study was first done to determine the number of images required to
evaluate the average thermal conductivity. For this purpose, several binary images were
analyzed using OOF2, and the mean thermal conductivity and the standard deviation was
calculated after each image was analyzed. The results from this analysis are shown in Fig.
10. It can be seen in Fig. 10 that the value of mean thermal conductivity starts to stabilize
after five images are analyzed. Thus it can be concluded from these results that five images
should be enough to determine the average thermal conductivity of the coating.

Fig. 10. Plot showing the predicted mean thermal conductivity versus number of images analyzed

In the next step, 5 images were chosen randomly from the set of binary images available
(A, B, C, D) representing various microstructural features. The predicted average thermal
conductivity values are presented in Table 3. The numbers in the column S1 represent
normalized values which have been scaled by dividing the numbers in the first column by
the first value in the first column (i.e. using image A as reference). The table also shows,
for comparative purpose, thermal conductivity values calculated when the microstructure is
considered as a homogenous mixture of YPSZ and porosity, using the equation:
Ktotal = fYPSZ .KYPSZ + fporosity.Kporosity

(Eq 16)

where the area fractions of YSZ (fYPSZ) and porosity (fporosity) present in the microstructure are
obtained from the image analysis data. Normalized values are also presented in the column
S2, which have been scaled in the same fashion as described earlier.
Comparing the values in the columns S1 and S2 in Table 3, it can be observed that the
value of thermal conductivity when simply calculated on the basis of area fraction present
is fairly constant, while the values change significantly when computed by the finite
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element model, implying that these phenomenon have very different impacts in reality. The
effect is most significant for the image C representing ‘pores and cracks in contact’, which
seems to confirm the findings in the statistical model i.e. depicting the fact that pores and
cracks in contact have much more significance on reducing the thermal conductivity
compared to free pores or free cracks.
The differences in the values predicted by the model and the experimental values can be
attributed to several factors. The major factor is most likely the limitation of the model to
2D. If one tries to extrapolate the 2D model to 3D, it is quite obvious that the cracks and
pores present in the images are considered to be infinitely long in the model, while in
reality, they are of finite length. So the image, and hence the thermal conductivity value,
depends upon the cross-section of the coating considered. Another factor which affects the
computed value is the limitation of the resolution of the image, as all small cracks and
pores (and specifically SEM ‘invisible’ cracks) cannot be included in the analysis. Also, a
more accurate value for thermal conductivity of bulk YPSZ is required, so that the
deviation between simulations and experiments may be reduced.
Table 3. Thermal conductivity values obtained from the analysis

Thermal conductivity
Image

Predicted by OOF2

Scaled

Calculated from area fraction

Scaled

(W m-1K-1)

(S1)

(W m-1K-1)

(S2)

Average

Standard deviation

Average

Standard deviation

A

1.00

0.081

1.0

2.13

0.038

1.0

B

2.45

0.004

2.4

2.47

0.001

1.2

C

1.99

0.052

2.0

2.40

0.007

1.1

D

1.32

0.139

1.3

2.26

0.042

1.1

Despite these limitations the results indicate that the pores and cracks when in contact will
have a significant effect on the thermal conductivity compared to when they are freely
distributed in the matrix. This result is consistent in the two modelling approaches.
7.2.3 Summary and Conclusions
The approach undertaken in this study can be summarized as follows. First, statistical
modeling was used as a ‘screening’ method to determine the important microstructure
parameters influencing the thermal conductivity. The most interesting finding in this
analysis was that pores and cracks in contact seem to have significant influence on thermal
conductivity compared to free pores and free cracks. The major limitation with this
modelling approach is that it does not consider any physical interpretation of the results.
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The results from this analysis were then validated by finite element modelling using
microstructure images obtained by SEM which provided physical verification of the
statistical results. The results, although tentative in nature, indicate that the combination of
the two modeling approaches seems to be a feasible approach. Through this combination,
relationships between microstructure defects and thermal conductivity can be evaluated
and verified. The interesting result that the interaction between pores and cracks i.e. pores
and cracks in contact, is the most important parameter to achieve a low thermal
conductivity TBC.

Fig. 11. A schematic block diagram showing the steps required to achieve a low thermal
conductivity TBC

7.3 Part II
This part (Ref 56) describes a simulation approach which can be used to design a low
thermal conductivity TBC, shown in Fig. 11, along with a tentative verification procedure.
Coating system 2, 3 and 4 were taken into consideration for this work.
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7.3.1 Verification of Finite Element Model: OOF
Figure 12 schematically describes the steps undertaken during the process of verifying
OOF.

Fig. 12. A schematic block diagram showing the steps undertaken for verifying OOF

Fig. 13. Predicted thermal conductivity values by OOF2

The procedure for using OOF2 to compute thermal conductivity used in this study was
same as that for last work described in Section 7.2.2. Five images were chosen randomly
from the set of binary images available for each coating system (both as-sprayed and heat
treated) and analyzed using OOF2. The predicted thermal conductivity values for the three
coating systems are presented in Fig. 13. It can be clearly seen from Fig. 13 that the values
of predicted thermal conductivity follow almost the same trend as the measured values for
thermal conductivity of the coating systems when compared to Fig. 8. In other words,
OOF2 gives the same ranking to the coatings in terms of thermal conductivity (4>2>3).
Note that the predicted values are lower than measured values. These results indicate that
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OOF can be used as a powerful tool to predict thermal conductivity of plasma-sprayed
TBCs as it ranks the coatings the same way as the measured values.

7.3.2 Verification of Coating Morphology Generator: Tbctool
7.3.2.1 Introduction to Tbctool

In this work, Tbctool was used to generate plasma-sprayed TBC like morphology. The
generation process is described in detail in the reference manual for Tbctool (Ref 59) and is
described only briefly here. The generation process is divided into four major sequences
which are executed step by step: spheroids or globular pores generation, linked cracks, free
cracks, and dust. Each sequence has several parameters which can be defined using a
statistical distribution function. The function can be defined using analytical laws (Uniform,
Normal, Log Normal or Custom) or tabulated laws (numerical definition). This statistical
or probabilistic definition of parameters brings in the randomness in the generation
process.
In the spheroids generation process, first the amount of spheroidal porosity needs to be
defined. After that, the software chooses a set of particles from the ‘particles library’ on the
basis of other specifications (particle area, elongation, orientation and compactness) so that
the total area of the particles chosen becomes larger than the amount of spheroidal
porosity defined initially. The particles library, which consists of thousands of particles or
globular pores, is incorporated within the software. Then the software assigns random
positions to these set of particles in the field on the basis of other specifications
(overlapping rejection probability and minimum distance between particles).

Fig. 14. Different types of linked cracks (Ref 59)

The linked cracks sequence is divided into three sub-sequences- main or primary cracks,
secondary cracks and segment cracks. Figure 14 (Ref 59) shows the different linked crack
families. First the amount of linked cracks porosity, and the fractions of main linked cracks
and secondary linked cracks need to be defined. All the cracks start from ‘seeds’, which are
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generated according to various specifications (like seed birth probability and seed fraction).
The primary cracks start from the spheroids and the secondary cracks start from the
primary cracks, while the segment cracks may start from spheroids and/or other cracks. All
cracks are built according to several parameters related to crack shape (like shape pulsation
and shape damping) and crack size (like crack length and crack thickness).
The free cracks generation sequence is very similar to the segment cracks generation
process described above, the difference being in the nature of the seeds used. The dust
generation sequence is the simplest one with amount of dust porosity specified being
generated on the basis of dust distance specified so that there are no collisions.
The main limitation of Tbctool is that it uses geometric methods which are not directly
related to the process physics. This means that the generation parameters are somewhat
arbitrary regarding to the actual process. The generation widely uses random subprocesses
which are difficult to optimize all together. Also, there are several possibilities for the
sequences described above to end up in an infinite loop, if too strict constraints are
imposed on the generation parameters. Another limitation is the finite size of the particles
library, so all types of particles cannot be generated using Tbctool, especially if one
considers new coating materials. As a result, the morphology generator is quite difficult to
use, especially if one wants to produce virtual images very close to real ones. Despite these
limitations the software has been shown to successfully generate plasma-sprayed TBC like
morphologies.

Fig. 15. Image generated using Tbctool for as-sprayed coating system 2

7.3.2.2 Procedure for using Tbctool

As discussed above, determining the statistical distribution functions for all the parameters
in Tbctool is rather difficult. So, three parameters were chosen which were possible to
determine from the image analysis procedure, and defined during the generation process:
amount of spheroidal porosity, linked cracks porosity, and free cracks porosity. The
statistical distributions for these three parameters were specified discretely using the image
analysis data. Dust generation sequence was not selected during the generation process, so
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no dust was generated. All the remaining parameters were defined according to the
template file in Tbctool for the MP70 Round Robin TBC (agglomerated/sintered powder)
morphology, except a few minor changes to avoid entering an infinite loop during the
generation process. These changes were same for all the images generated. 15 images were
generated randomly for each coating system. Figure 15 shows one of the images generated
by Tbctool for as-sprayed coating system 2. As discussed in last section, it is very difficult
to reproduce microstructure images which look exactly the same as real coating systems. So
the generated images cannot be compared with naked eye. Figure 16 schematically
describes the steps undertaken during the process of verifying Tbctool.

Fig. 16. A schematic block diagram showing the steps undertaken for verifying Tbctool

(a)

(b)

Fig. 17. Comparison of images generated using Tbctool with SEM images using image analysis for
coating system 4 (a) as-sprayed and (b) heat treated
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7.3.2.3 Verification of Tbctool

Figure 17 compares the results from the image analysis for images generated by Tbctool
and SEM images for coating system 4. It can be observed that the different microstructural
features have similar amounts in both the images, and the variations are well within the
standard deviation, except for ‘Free Cracks’. Similar trends were observed for other coating
systems as well.
Figure 18 shows the predicted thermal conductivity values by OOF2 using the images
generated by Tbctool. Again, it can be observed that the coating systems are ranked the
same way in terms of thermal conductivity values, when compared to Fig. 8 and Fig. 13.

Fig. 18. Thermal conductivity values predicted by OOF2 using the images generated by Tbctool

7.3.3 Conclusions
The OOF model underestimated the thermal conductivities for all three investigated
coatings. This result was not unexpected because of software´s limitation to two
dimensional images. However the software was shown capable of ranking the three
investigated coatings correctly and also capable of predicting the relative differences in
conductivities between the coatings. The results thus indicate that OOF can be used as a
powerful tool to predict and derive microstructure–thermal property correlations. By
comparing images generated by Tbctool with real coating SEM images it was shown that it
was possible to artificially generate real coating morphologies. In OOF evaluations of three
artificially generated microstructures that corresponded to sprayed samples the thermal
conductivities were correctly ranked. The results although tentative due to the limited data
indicate that the combination of OOF and Tbctool can be a powerful approach to design
coatings.
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8 Conclusions
This thesis work was divided into two parts.
In the first part, the aim was to establish the fundamental understanding of relationships
between coating microstructure and thermal conductivity of TBCs. For this purpose, first a
statistical model was used as ‘screening’ method to determine the most important
microstructural features affecting thermal conductivity. The results from this model
indicated that pores and cracks in contact have a major influence over thermal insulation
properties compared to free cracks and free pores. As this model does not consider the
actual physical phenomenon, a finite element model was developed in the next step to
validate these results. This model was based on microstructure images obtained using SEM
which provided physical verification of the results. These results, although tentative in
nature due to limited data, indicate that this modelling approach can be used to evaluate
and verify relationships between microstructural defects and thermal conductivity.
In the second part, the aim was to describe and verify a modelling approach which could
be used to design a low thermal conductivity TBC. A coating morphology generator was
used to generate artificial microstructure images using the input parameters determined
using image analysis of real microstructure images obtained using SEM. These artificially
generated images were used as an input to the same finite element model developed in first
part of this thesis work to predict thermal conductivity. The artificially generated images
were verified by two methods. First, by comparing their image analysis data with SEM
images, and second, by comparing the predicted thermal conductivity values with the
predicted thermal conductivity values from SEM images and the thermal conductivity
values obtained from laser flash experiments. It was observed that the finite element model
ranked the coating systems considered the same way in terms of thermal conductivity as
the experimental values. Also, same ranking was observed for the artificial images
generated. These tentative results indicate that the images generated by the coating
morphology generator were similar to the real coatings. Thus, it can be concluded that this
modelling approach can be used as a powerful tool to design new coatings with low
thermal conductivity values.
In future work, these modelling approaches will be combined with optimization techniques
to develop a promising and easy to apply simulation model which could be used to evaluate
and design new coating systems.
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