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Abstract

Thermal Barrier Coatings (TBC) are used to shield hot sections of gas turbine engines, helping
to prevent the melting of metallic surfaces. TBC is a sophisticated layered system that can be
divided into top coat, bond coat, and the super-alloy substrate. The highly heterogeneous
microstructure of the TBC consists of defects such as pores, voids, and cracks of different sizes,
which determine the coating’s final thermal and mechanical properties. The service lives of the

coatings are dependent on these parameters.

These coatings act as a defensive shield to protect the substrate from oxidation and
corrosion caused by elevated temperatures. Yttria Stabilized Zirconia (YSZ) is the preferred
thermal barrier coating for gas turbine engine applications. There are a certain number of
deposition techniques that are used to deposit the thermal coating layer on the substrate;
commonly used techniques are Air Plasma Sprayed (APS) or Electron Beam Physical Vapour

Deposition (EB-PVD).

The objective of this thesis is to model an optimized TBC that can be used on next-
generation turbine engines. Modelling is performed to calculate the effective thermal
conductivity of the YSZ coating deposited by EB-PVD by considering the effect of defects,
porosities, and cracks. Bruggeman’s asymmetrical model was chosen as it can be extended for
various types of porosities present in the material. The model is used as an iterative approach
of a two-phase model and is extended up to a five-phase model. The results offer important
information about the influence of randomly oriented defects on the overall thermal
conductivity. The modelled microstructure can be fabricated with similar composition to have

an enhanced thermal insulation.

v



The modelling results are subsequently compared with existing theories published in
previous works and experiments. The modelling approach developed in this work could be

used as a tool to design the porous microstructure of a coating.
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1. Introduction

1.1 Introduction to Thermal Barrier Coatings

The advancement in high-temperature engineering alloys led to the design and development of
the present era turbine engines. The laws of thermodynamics suggest that with an increase in
inlet operating temperature, the performance and efficiency of an engine can be increased [1].
This improvement in power and efficiency is necessary to make the system economical as well

as environmentally friendly.

The components of a turbine engine are exposed to elevated temperatures as well as to
an oxidative and corrosive gaseous environment. In certain cases, there are some impacts from
high-velocity foreign particles during operation [2]-[4]. Material properties such as high-
temperature strength, good stress relaxation, higher resistance to hot corrosion and oxidation
are required for a base metal or alloy [5]. Generally, super-alloys are best suited for substrate
material [6]. With technical advancements and ever-increasing design specifications, these
super-alloys have almost reached their theoretical design limit. Improvement in engine design
slowed down after the mid-1900’s due to the very significant improvements in earlier designs
[7]. Figure 1-1 shows the stages of evolution of super-alloys within the past six decades. It is
evident that development has been almost stable since about 2008. With advancements in high-
temperature capability and cooling technologies, these super-alloys are now able to withstand

higher temperatures than ever before.[8].

To further enhance the design and efficiency, the recent trend shifted towards the use
of ceramically coated components in turbine engines [9]. In this case, the components used at
elevated temperatures are coated with a ceramic coating to provide protection against high-

temperature degradation. These ceramic coatings are known as the Thermal Barrier Coatings
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(TBC) and are used to protect the super-alloy components [10]. These coatings protect the base
metal from damage at elevated temperature and increase the lifetime and efficiency of the
component. TBC provides thermal shock resistance, creep resistance, strain tolerance,

protection against hot corrosion and stability to the substrate at higher temperatures[11] [12].
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Figure 1-1 Development of high-temperature super-alloys and cooling technology over six decades [8]

TBCs have become an integral part of gas turbine engines as they enhance the
operational lifetime, along with the betterment of turbine efficiency [13], [14]. Figure 1-2
provides an overview of where these TBCs are used in high-pressure turbine aero-engines. The
simple structure of the TBC system (Figure 1-2) consists of the ceramic top coat, bond coat
and superalloy substrate. During service life, a thermally grown oxide (TGO) layer (mostly a-
ADO3) forms on the bond coat surface and reduces the rate of oxidation [15]. The objective of
the top ceramic coating is to reduce the metal temperature. A metallic bond coat is used to
enhance the bonding between the top coat and the underlying super-alloy and to protect the
super-alloy from oxidation and hot corrosion [16]. Yttria-stabilized Zirconia [ YSZ] containing
6-8%Y20s3 is known as a state of the art thermal barrier coating [10]. However, the bond coat
is composed of MCrAlY where usually M=Ni, Co or NiCo [17]. The key properties of YSZ

TBC are low thermal conductivity, high melting point, phase compatibility with alpha alumina,



and the combination of good resistance to corrosion and damage from large particle impacts

[18].

The microstructure of ceramic coatings is highly heterogeneous as it consists of
imperfections such as pores, voids, and vacancies, along with cracks of different shapes and
sizes. Overall, the thermal conductivity of the coating is highly affected by the presence of such
defects [19], [20] and spraying parameters [21]. The extent of change in the thermal and
mechanical properties depends on the amount, size, and morphology of the defects present in

the coating.
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Figure 1-2 Cutaway view of Engine Alliance GP7200 aircraft engine, a photograph of a turbine blade (~10 cm long) with a
thermal-barrier coating (TBC) from the high-pressure hot section of an engine, and a scanning electron microscope (SEM)
image.[22]
The lifetime of a coating is also highly dependent on its thermal and mechanical

properties, hence ultimately the service life of the part is dependent on the density of the defects

present. Defects lead to a lower value for thermal conductivity and a lower thermal conductivity



implies a longer service life, as heat transfer to the substrate is reduced. Lower heat transfer
into the substrate also leads to lower damage to the coating interface, where most of the failure
occurs [16]. To achieve lower values for thermal conductivity, better strain tolerance and higher
lifetime, the distribution of cracks and pores in the coating needs to be optimized [23]. It thus
becomes essential to understand the fundamental microstructural properties of the TBC in order

to produce an optimized coating.

One of the goals of future engine designs is to develop materials or processes that
reduce the temperature of the metal surface while concomitantly facilitating increased gas path
temperatures. Hence, one of the aims of TBC design is to design coatings with a lower thermal
conductivity. Design optimization can be performed using experimentation or through
simulation methods. Experimentation is the traditional approach to optimizing the coating
microstructure. In this approach, various parameters are pre-set and coatings are deposited to
generate samples. Various types of tests are performed to evaluate the coating structure. This
approach is iterative, time-consuming and expensive. This technique does not offer any

quantitative knowledge or understanding about microstructural properties.

At the same time, modelling or/and simulation is a cost-effective and flexible approach
to optimize and understand the coating microstructure. Development of new types of coatings
design or new structures can easily be performed. Modification of the parameters is simple and
the analysis can be performed quickly compared to a traditional experimental approach.
Simulation can provide analysis of different microstructural parameters and their individual
effect, as well as the combined effect on the TBC. With a better understanding of
microstructural properties and complex process variables, highly sophisticated fabrication

techniques can then be developed.



The relation between microstructural properties and process parameters for modelling
are obtained through the link with experimental parameters during this work [24]. Development
of materials with lower thermal conductivity will further help in reducing thermal transport to

the substrate [25].

1.2 Objectives and Limitations

The aim of this thesis work is to propose and validate a model for evaluating thermal
conductivity of TBCs. The proposed model could then be used to optimize TBC microstructure
exhibiting low thermal conductivity along with high strain tolerance, and a lifetime comparable

to the best thermal sprayed coatings currently used in industrial gas turbine engines.

Simulation is used for this thesis work due to its benefits over the experimental
technique. The present study is based on the different types of defects (pores, voids and cracks)
that are present in the coating during the fabrication of the coating and is not dependent on the
material and equipment used during fabrication. Pores are empty space in the material (can be
filled with liquid or gas phase) and the voids are the pores that remain unoccupied and typically
the result of an imperfection. The independence of material and process is not always a valid
assumption; hence, there can be certain limitations of this work when applied to other coatings

or materials.

The material chosen for the top coat in this work is yttria-stabilized zirconia ZrO6-
8%Y203 or [YSZ]. The reason for using (YSZ) is its efficient properties at a higher
temperature, such as good resistance to high-temperature corrosion, higher stability, and lower
thermal conductivity for a high-temperature range [26], [27]. The material for the bond coat is

NiCoCrAlY [28].

There are some specific deposition techniques that are used to deposit these thermal

barrier coatings on super-alloys. Some of these techniques are Electron Beam Physical Vapour
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Deposition (EB-PVD), Air Plasma Sprayed (APS), Chemical Vapour Deposition (CVD),
Electron Beam Directed Vapor Deposition (EB-DVD), as well as others [26], [29]—[32]. In this
thesis, EB-PVD is chosen to be the deposition technique. It is used for depositing the coating
on the aero engine components because of certain benefits such as higher strain tolerance or
strain accommodation, better surface finish, and higher operating temperature range, which can

be attributed to its columnar structure [32], [33].

In this modelling work, the changes in the chemistry or the effects of these changes on
the coating are not considered. For the simplicity of the model, the microstructure is comprised
of only the defects (different defects are assumed embedded in a continuous matrix). The
material properties are independent of temperature (this assumption is not valid for very high
temperature, >1500°C). All the pores or defects are assumed independent of each other. The
effect of heat transfer by radiation in the pores or coatings is neglected [34]. Thermal

conductivity is the only thermal property that is modelled in this thesis work.

1.3 Contributions of the thesis

In this thesis, an improvement to the existing model used to predict the thermal conductivity
of the porous material is proposed and validated. A two-phase model is used as the reference
model to construct a five-phase composite model. The development of the proposed model is
based on an iterative approach. It is demonstrated that the proposed model predicts the thermal
conductivity values of porous coatings more effectively than existing models. The proposed
five-phase model offers thermal conductivity values near to experimental values. The results
obtained from the proposed model were compared with experimental results, results from a

four-phase model and to FEA results.

The thesis is structured as follows. An introduction to TBCs, a little history and

background details are first discussed. The details about the two widely used deposition



techniques are presented in Chapter 2. Chapter 3 incorporates a brief introduction to previous
numerical and analytical models. The details of the proposed model, the five-phase model, for
porous composite materials are presented in Chapter 4. The verification of the proposed model
using the results from experimental data and comparison to the results of the four-phase model

and FEA results is performed in Chapter 5. Finally, in Chapter 6, conclusions are drawn.



2. Literature review

2.1 History

To introduce the thesis work, a brief review of the history of TBC is needed. Thermal barrier
coatings have been used for over half a century in gas turbine/aeroplane engines [18], [21],
[22], [35]-[41]. The first ever turbine blade-oriented ceramic coating was the frit-enamel
coating, developed between the years 1942 to 1956 by the National Advisory Committee for
Aeronautics (NACA). In the year 1960, the benchmark use of ROKIDE thermal barrier
coatings on the rocket engine XLR99’s nozzle on flight X-15 occurred [42]. Zirconia was used
as the top coat and the bond coat was nickel chrome. These coatings served the dual purpose
of preventing the oxidation of the tube assembly and preventing the boiling of liquid ammonia.
In Figure 2-1, the brazed stainless-steel tube structure with Rokide Z TBC is shown. The graded

rokide TBC prevented the premature spallation of the X-15 combustion chamber [42].

In the mid-70s, the development of modern thermal spray coatings was a big step
towards modern ceramic coatings. For the J-75 engine test, a thermal barrier coating of
zirconia-12%yttria on NiCrAlY survived for longer than any earlier coatings. The keys to this
accomplishment were the use of Yttria as a Zirconia Stabilizer and the use of an MCrAlY type

bond coat. This success of ROKIDE TBC demonstrated that Blade TBCs were feasible [43].

Stecura reported on the optimum zirconia-yttria TBC composition in the report on
‘Effects of compositional changes on the performance of a thermal barrier coating system’

[44].
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Figure 2-1 ROKIDE TBC used on XLR99 rocket for X-15 Flight [42]

This composition (ZrO2-6-8%Y203) is still considered to be a state of the art TBC composition
[44]. Similar results can be seen in Figure 2-2, where the cycles of failure were calculated as a

function of the concentration of yttria in the zirconium.
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Figure 2-2 Number of cycles to failure Vs Concentration of Yttrium in Zirconia (Reconstructed from [7])



2.2 Background

The development of high-temperature super-alloys was the primary driver to increase the
operating temperature in turbine engines for almost 50 years [1]. The improvements in engine
performance slowed in the mid-1990’s as super-alloys approached their theoretical
composition limits and temperature ranges. With little prospect for significant improvement in
alloy performance, the trend shifted towards multi-layered ceramic coatings that can be applied
to hot section superalloy components for efficient operation under high temperature and harsh

conditions [45].

TBCs are widely used in modern power generation, and marine/aero engine
applications to lower the temperature of a metallic surface in the combustor and for turbine
components such as blades or vanes. The use of TBCs can offer increased engine thrust as well
as a performance by allowing elevated gas temperatures or by reducing cooling air flow.
Increased lifetime of turbine blades[46], [47] is also promoted by decreasing metal
temperatures. Figure 2-3 describes the various benefits of a system with a thermal barrier
coating. From the work of Schulz, it became evident that thrust, performance and life of the

component increase with the use of TBCs [48].

2.3 Thermal barrier coatings

Thermal barrier coatings are material combinations that can lower heat transfer from hot gases
to the metallic substrate. The structure of TBC system consists of an insulating ceramic topcoat
layer and an intermediate bond coat layer placed on top of a superalloy substrate. A single-
crystal super-alloy substrate is preferred that contains 5 to 12 elements (in addition to the Ni-
base element) to optimize high-temperature strength, ductility, oxidation and hot-corrosion

resistance [49].
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Figure 2-3 Potential benefits of gas turbines for the use of TBCs [48]

Blades and vanes are subjected to high centrifugal loads and high stresses, so the
essential requirement for the super-alloy material used for these is to be creep resistant [50].
Blade or vanes are mostly made of nickel-based super-alloys that have the required material
properties. These structures are internally cooled by the flow of cool air through internal
serpentine cooling passages [51]. Small holes allow cooling air to form a thin air film on the

blade surface.

TBC protects the gas turbine components from severe thermal environments, thus
improving the efficiency and at the same time decreasing unwanted emissions. Turbine entry
gas temperatures can be higher than 1,500°C with TBCs providing a temperature drop of about
200-300°C across the thickness of the coating [52]. The efficiency (¢) of a TBC can be

expressed by the following equation [53]
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where T» is the operating temperature and T; is the sink temperature. Thus, any increase in T»

(Turbine Entrance Temperature) results in an increase in the efficiency.

TBCs exhibit the low thermal conductivity crucial for a decrease in heat transfer from
the hot combustion gases to the super-alloy substrate of the turbine blade [54], [55]. The
combination of TBC with an internal blade cooling system can enable the gas turbine engine
to operate at a temperature much higher than the melting temperature of the super-alloys [1],
[56]. The challenge of high-temperature phase stability and sintering resistance becomes

evident with higher ceramic layer surface temperature [57].

A schematic of simple an EB-PVD TBC system is shown in Figure 2-4. It consists of a
top coat, Thermally Grown Oxide (TGO), bond coat and substrate. Each of these has different

materials with specific functions and properties.

Top Coat
EB-PVD
Tao
Bond-coat 0-ALO;
MCrCoAlY
Substrate

Ni-based Superalloy

Figure 2-4 Schematic of a thermal barrier coating (TBC) obtained by electron beam physical vapour deposition (EBPVD)
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The bond coat layer is applied to the superalloy substrate. TGO forms on the outer side
of the bond coat. The top coat is applied to the TGO-covered bond coat [58]. Typical types of
bond coats include the Platinum modified nickel aluminide (NiAl + Pt) [59] or MCrAlY
overlays (M can be Ni, Co or NiCo) [52]. Bond coat protects the oxidation of the substrate by
oxidation of aluminium and other reactive metals such as Cr or Y; these can form a protective
thermally grown oxide layer adherent to the bond coat [60]. The most common oxide layer that
forms during top coat deposition or service life is a-AlO; [60], [61]. The temperature

distribution along the different layers of TBCs can be seen in Figure 2-5

Cooling | Substrate | Bond | TGO| Top | Hot Gases

Air Coat Coat
-1500° C
-1300° C
-1100° C
-900° C

Figure 2-5 Schematic of thermal barrier coating system with temperature distribution along the cross-section of the internally

cooled component.

Improvement in the performance of TBCs remains a key objective for the further
development of gas turbine applications [62]. A key objective of such applications is to
maximise the temperature drop across the topcoat, thus allowing higher turbine entry
temperatures and higher engine efficiencies [63], [64]. This comes with the requirement that

the thermal conductivity of the ceramic topcoat should be minimized and that the value should
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remain low during prolonged exposure to service conditions. Lowering the thermal
conductivity has a counter effect on certain other properties such as high-temperature phase
stability [57] and sintering resistance (avoiding the agglomeration of particles) [65] that are

essential for a better life of a coating.

The growth of the TGO layer depends on the oxidation of Al, Cr, Y, or other metals.
Oxygen penetrates the coating and a thermally grown oxide layer is formed between the top
coat and bond coat. The easy diffusion of oxygen from the engine environment to the bond
coat is due to the interconnected porosity that is always present in the top-coat layer. Oxygen
has a very high ionic diffusivity in ZrO»-based ceramics. This diffusivity makes even dense top

coats “oxygen-transparent” [58].

TGO growth rate is usually well modelled by the parabolic growth law as [66]
h* =2kt (2.2)

where £ is the thickness (um), ¢ is time (s) and k, is a parabolic rate constant. TGO growth

involves the counter-diffusion of oxygen and aluminium along the a-Al>O3 grain boundaries.
Figure 2-6 represents the inward diffusion of oxygen and outward diffusion of aluminium from
the bond coat. The grain size of a-Al20O3 determines the diffusion flux and the parabolic TGO
growth rate [67]. Transient metastable alumina (gamma and theta) is generally expected to
form during the initial stage of oxidation and then transform to the stable a-Al>O3 [68]—-[70].
The formation of new a-Al>O3 occurs at the bond coat interface (when inward diffusion of

oxygen is rapid) or at the surface of TGO (when outward diffusion of aluminium is faster).
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Figure 2-6 The inward diffusion of oxygen and outward diffusion of aluminium from the bond coat.

2.3.1 Coating deposition techniques

The thermal conductivity of a coating is greatly affected by the technique that is used to deposit
the coating layer. The microstructural properties change based on different coating techniques.
There are several methods that are in use today for deposition, however, in this thesis, only
APS and EB-PVD techniques are explained. These techniques are the most widely used for
land-based turbine engines and aero engines respectively. Most of the new techniques are based

on these two types of coating methods.

Air Plasma Sprayed

Air Plasma Spray (APS) is a low-cost method for depositing ceramic TBC that are used to
protect and to insulate hot-section metallic components in gas turbine and diesel engines [22].

APS is characterized by the high temperature of the plasma jet, which allows the melting of
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materials (having a high melting point) to yield an effective thermal spray. High-speed Ar—He
or Ar—H> hot plasma jet dissolves the ceramic and metallic feedstock powder and accelerates

it to a high velocity.

A schematic illustration of APS coating technique can be seen in Figure 2-7. The impact
of the spray onto the prepared surface of the substrate forms a coating by solidifying rapidly.
The plasma spray creates “splats”, the flattened particle boundaries that run parallel to the

ceramic-metal interfaces.

Water Cooling
\ Workpiece

T
Gas - L

{ Anode . )

Cathode

Plasma Flame
Powder Inlet

Figure 2-7 Schematic of air plasma spray technique

Figure 2-8 provides an illustration of the APS splats. There is some spacing left between
the splat boundaries during the coating process, which is due to incomplete bonding between
splats owing to the lack of adhesion, relaxation of residual stresses during the cooling of the

splat, or trapped gases. The actual area of contact between the various splats is only around
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20% [71] that can be enhanced using modern techniques (near 5%)[72]. This affects the
properties of the coatings, such as mechanical, thermal, and electrical properties, and the

properties are very different compared to the sprayed bulk material.

There are other factors apart from substrate temperature and roughness (such as
temperature, velocity and size distribution of the incident particles) that also influence the
structure of a coating. This type of coating is widely used on a commercial scale. The splat
boundaries and microcracks that run approximately parallel to metal/ceramic interface in APS
TBCs are highly efficient in reducing the thermal conductivity of APS TBCs. However, the
splat boundaries and microcracks are a source of weakness in APS TBCs, limiting the service
life of the coatings and potentially leading to early spallation. Splat structure can be seen in

Figure 2-9.

Intersplat

Figure 2-8 Schematic Illustration of APS splats (modified from [73])
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Figure 2-9 SEM of Air Plasma Sprayed TBC [74]

The nature of the synergy between the plasma gas and ceramic feedstock plays a crucial
role in determining the properties of an APS-deposited TBC. This follows because the TBC is
created by thousands of individual solidifying particles per mm? after experiencing a hot
plasma environment [75]. The thermal conductivity of APS TBC can be achieved to near about
0.8-1.1 W/mK [76]. The effective thermal conductivity of the porous air plasma sprayed TBCs
is strongly dependent on structure, such as pores, cracks, pore/coating interface, crack/coating
interface, and layer interface. Besides the scattering effect at the defects or interfaces, the
interface thermal resistance (ITR) is another important factor which will affect the eventual

effective thermal conductivity of the APS-TBCs [73].
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Electron Beam Physical Vapour Deposition

EB-PVD is a popular processing technique for ceramic top coats, where the coatings are formed
by vapour condensation and are characterized by a columnar microstructure with defects such
as cracks and grain boundaries which run normal to the ceramic-metal interface [77]. The
vapours are produced with an electron beam by melting and evaporating the ceramic placed in
a crucible under the workpiece. EB-PVD is performed in a vacuum chamber. Vacuum
chambers avoid contamination of molten material in the crucible and/or the vapour phase of
the condensate (coating). Ideally, individual ceramic columns are poorly bonded to adjacent

columns, but the bonding between the coating and underlying substrate is stiff [78].

The extremely fine columnar structure of EB-PVD is highly tolerant to strains induced
during the expansion of the underlying substrate [79]. In this process, a high-energy electron
beam is used to heat and vaporize the ceramic feedstock. The vapour travels perpendicular to
the substrate on which it condenses atom by atom [80]. For zirconia-yttria ceramics, the low
partial pressure of oxygen is maintained during the process in order to preserve the
stoichiometry of zirconia. In the EB-PVD case, the interface between the bond coat and top

coat is smooth in comparison to plasma sprayed coatings.

The structure of EB-PVD is shown in Figure 2-10. The microstructure of EB-PVD
coatings exhibits improved strain tolerance and thermal shock resistance, which significantly
enhances their lifetime. The EB-PVD TBC can be used without spalling on highly stressed gas
turbine engine components having higher operating temperatures or greater thermal gradients.
The columnar growth is believed to reduce the elastic modulus in the plane of the coating to

approximately near zero.

Usually, the operating temperature lies between room temperature and above 1200°C

[81]. The factors affecting the thermal protection are mostly the thickness of the coating,
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internal coolant flow rate and cooling efficiency, and the heat flux of the impinging hot gases.
Overall thicker coatings are used for higher heat flux to attain the given temperature difference

AT [17].
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Figure 2-10 SEM of EB-PVD TBC [82]

The negative aspect of EB-PVD coating is related to its microstructure. The TBCs
prepared by EB-PVD often exhibit columnar grain structural characteristics, where the pore
channel between the columnar grains is often parallel to the thermal flux direction (Figure
2-12). This results in an effective thermal conductivity that is often higher than that of APS-

TBCs [83].

The EB-PVD TBC has some better properties as compared to plasma sprayed TBC.
The surface finish of EB-PVD coatings dominates over the APS coatings. The columnar
structure of EB-PVD coatings produces excellent strain tolerance properties. Due to the
capability of stress relaxation at elevated temperature, EB-PVD coatings are more resistant to
erosion. The coating microstructure is an important factor in determining the behaviour of the

coating during its service life.
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Thermal and mechanical properties of coatings are easier to control with the EB-PVD
process. A schematic of the EB-PVD coating process can be seen in Figure 2-11. During the
EB-PVD process, the vapour is created by heating the source material with a beam of electrons,
and the evaporated atoms gradually condense on the substrate. The crystal nuclei form at
favoured sites and grow both laterally and along the thickness to form individual columns,

which yield a high inter columnar porosity [85].

Vacuum _ Vertical
Chamber Rotary Drive
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Material
Coating Ingots

Figure 2-11 Schematic of EB-PVD Process [84]

However, APS-TBCs often exhibit lamellar structure with a lot of ellipsoid pore
structures, so that the effective thermal conductivity is usually lower than that of a perfect TBC.
Hence, it is very important to control the pore volume fraction, spatial distribution, orientation

and morphology to obtain TBCs with optimized or reduced thermal conductivity. The porous,
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microcracked columnar EB-PVD ceramic structures provide progressively increasing coating

durability [86].

EB-PVD Coating

Bond Coat

Substrate

Figure 2-12 Schematic Illustration of EB-PVD coating

A simple comparison between the air plasma sprayed and electron beam physical

vapour deposition is shown in Table 2-1. These two TBCs are compared on ten different

parameters. These parameters define the areas where the coatings will be more beneficial.

Table 2-1 Air Plasma sprayed (APS) versus on-evaporated EB-PVD TBCs

APS EB-PVD
Surface Finish Good but extra polish Excellent
Bond Coat Roughness Grit Blasted Smooth
Bonding Mechanism Mechanical and Chemical Chemical
Alloy Flexibility High Limited
Typical Thickness 0.2-3mm 0.1-0.3mm
Cooling Hole Closure Poor Excellent
Coating Source Moveable Fixed
Large Part Predicable Favourable Costly
Parts per Charge 1 1-10
Investment Cost (%) 100 100-400
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2.4 Thermal conductivity of coatings

Thermal conductivity is the property of a material to conduct heat and can be considered as the
rate at which heat passes through a specified material. Heat is transferred at a lower rate for a
material with a low thermal conductivity. The thermal conductivity of coatings depends on the
method of depositing the coating [20], [35], [87] since the microstructure changes according to
the coating deposition technique. The most widely-used techniques for depositing coatings are
plasma sprayed and electron beams physical vapour deposition techniques. Microstructural
properties such as micro-cracks, grain size, pores and their distribution, impurities, and voids

have an adverse impact on the thermal conductivity of the coatings.

Plasma sprayed thermal barrier coatings currently offer a thermal conductivity in the
range of 0.8-1.1 W/mK, while electron beam physical vapour deposition coatings offer thermal
conductivity in the range of 1.5-1.9 W/mK. Both techniques provide a thermal conductivity
range that is much smaller than that of the Bulk YSZ (2.2-2.9 W/mK) [88]. Plasma sprayed
coatings are more porous than EB-PVD coatings and this serves to reduce the thermal
conductivity of APS coatings [89]. The comparison between the thermal conductivity of bulk
zirconia, EB-PVD and APS coating can be seen in Figure 2-13. The thermal conductivity of a
porous ceramic layer depends on the intrinsic thermal conductivity of the bulk ceramic, which
is linked to its composition, structure and on the architecture of the porous structure i.e. pore

volume fraction, geometry and distribution [90].
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Figure 2-13 Thermal conductivities of different processes compared to bulk (reconstructed from [88]).

2.4.1 Methods to measure thermal conductivity

Design of a TBC can be evaluated using several material properties including thermal
conductivity. For high-temperature protective coating, lower thermal conductivity is most
desirable, along with a higher coating stability. To measure these properties several measuring
techniques are used. A common and simple method to determine the thermal conductivity of

an unknown material is discussed below.

To calculate thermal conductivity of materials, the guarded heat plate method is used

[91]. In this method, a sample is placed between two plates, one plate acts as a heat source and
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the other plate acts as heat sink. The transfer through a sample having cross-sectional area A4,

having thickness L can be calculated. The formula for thermal conductivity is then given by

=L (2.3)

where O (W) is the heat load on the sample, L (m) is the length of the sample, 4 (m?) is the
cross-sectional area to which heat is applied, and A7 (K) is temperature difference across the
sample top and bottom. For this process, the cross-sectional area is measured using a Vernier
calliper. The heat load Q is calculated from the measurement of the voltage across the sample.
The sample is clamped between the copper sample holder. Temperature sensors are placed on
the sample using varnish. A dual-twist phosphor/bronze lead wire is wrapped around the
sample to ensure better thermal conductance to the sensor. Heat flows from top to bottom of
the sample. Testing is mostly done in a vacuum to avoid heat leaks. The temperature of each
sensor and the current and voltage of heater coils are collected. Using these values, thermal

conductivity is calculated.

The guarded heat plate method is suitable for cold samples. However, for thermal
coatings, there is a need to calculate thermal conductivity at elevated temperatures. Hence, a
different technique is used. Laser Flash Analysis (LFA) is a technique accepted for evaluating
thermal conductivity of TBCs at any temperature [92]. In this method, a laser pulse is shot at
the substrate face of the sample and the resulting temperature increase is measured at the other
face of the sample with an infrared detector. The signal is then normalized and the thermal
diffusivity is calculated using an equation based on one of the existing models. One such

equation is given by

a=(0.1388L%) /1, (2.4)
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where a (m?/s) is the thermal diffusivity, L (m) is the thickness of the sample and ?; (s) is the

time taken for the rear face of the sample to reach half of its maximum rise.

Thermal conductivity K (W/m.k) can then be calculated if the density (p) and specific

heat capacity (C,) of the coating are known via

k=a.Cp (2.5)

This technique has a few requirements for measuring the thermal conductivity of YSZ
coatings, such as the zirconia must be coated with a thin layer of gold or graphite. The reason
for this is that zirconia is translucent to light in the operating wavelength of the laser [93]. The
coating prevents the laser from passing through the zirconia ceramic layer. A major drawback
is that only small flat samples can be used for measurement and thus measurement on a real

component is not possible [94].

2.5 Heat transfer mechanism

Thermal conductivity is attributed to the thermal transport property of coatings. This property
is an important design parameter for thermal barrier coatings and is an important factor in
determining the coating performance [95]. The thermal conductivity of ceramic coatings is
significantly affected by the intrinsic attributes of the material and the extrinsic characteristics
(microstructural defects, oxidation and temperature) [25],[96].

The thermal conductivity is affected by temperature changes in the material [97]. For a
material such as YSZ, there is a variation in the dominant mechanism of heat transport that
occurs at high temperatures. There is a reduction in thermal conductivity of YSZ from room
temperature to about 800°C because the scattering of phonons (phonons density increases at
high temperature and they collide with other phonons and reduces the mean free path) becomes

more pronounced with rising temperature (in the case of Zirconia coatings). As the temperature
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of Zirconia based coatings increases, the phonon-phonon interaction also increases. This results
in deflection of phonons from straight paths. A rise in temperature results in a reduction of the
mean free path. As the mean free path decreases, the thermal conductivity of Zirconia coatings
also decreases. The temperature dependent thermal conductivity of YSZ is shown in Figure
2-14. The thermal conductivity is limited by intrinsic phonon scattering scales as 1/T [98]. At
higher temperatures, photon conduction (radiation) becomes increasingly important and results
in a faster elevation of thermal conductivity (proportional to 7°) (in the case of Zirconia

coatings) [99].
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Figure 2-14 Temperature-dependent thermal conductivity of YSZ [25]

Heat transfer can be categorised using the basic mechanisms of conduction, radiation
and transfer of energy by phase change. These mechanisms are based on phonon and photon
interactions with surroundings. The thermal conductivity of the as-sprayed TBCs (mainly for
APS) is dependent on certain molecular interactions. There are five different types of
interactions that are represented in Figure 2-15.and are:

e The phonon conduction, which is caused by the crystal lattice vibration [F1]
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e The radiation scattering at grain-boundaries [F2]
e Knudsen conduction, which is induced in the inter-splat interface [F3]
e Gas phase conduction [F4]

e Radiation scattering at all kinds of interfaces, such as the splat interfaces, and the

interfaces between the coating and defects [F5].

Figure 2-15 Heat transfer mechanism in thermal barrier coatings [73]

These interactions are not always present in all types of coatings. The microstructure of
a coating influences the heat transfer mechanism. Zirconia and its alloys are electronic
insulators due to a lack of free electrons. Electrons play no part in the total thermal conductivity
of the system, consequently, heat transfer in zirconia is governed by lattice vibrations
(phonons) or by radiation (photons). The dominant role in heat transfer is played by phonon
conduction. The total thermal conductivity (K) of ceramic materials [100], which is the sum of

three components, can be expressed in a general form as
1 N
k= EZCPMZJ (2.6)
j=1

28



where N is the total number of energy carriers, v is the carrier’s velocity (group velocity if the

carrier is a wave), C, is the specific heat at constant pressure and / is the corresponding mean

free path. The electron mean free path has two parts. Some part is the residual mean free path,
which is related to the scattering of electrons by defects and the other is 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 the intrinsic mean free path is directly proportional

to temperature. The contribution to thermal conductivity from just the lattice vibration (k) is

given by [88]

1
ko= [Cpvis 2.7)

where C, is the specific heat, p is the density, v is the phonon velocity and /, is the mean free

path for the scattering of phonons. In the case that no defect is present and with a high-
temperature limit, three-phonon interactions limit the mean free path of phonons, owing to the
cubic anharmonicities of the lattice forces. This expression then leads to the following

expression of the intrinsic thermal conductivity [101] given by

2 -2
k=32 Y N (2.8)
2 [)5)

where y is the Gruneisen constant, u is the shear modulus, v is the transverse sound velocity,

o, 1is the Debye frequency, T is the temperature and N is the number of atoms per primitive

unit cell. The Gruneisen parameter, y, is a valuable quantity in solid-state geophysics because
it can be used to set limitations on the pressure and temperature dependence of the thermal
properties of the mantle and core, and to constrain the adiabatic temperature gradient. It is
dimensionless and, for a wide range of solids, has an approximately constant value, varying

only slowly with pressure and temperature [102].
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At higher temperature, the thermal conductivity of ceramics increases with temperature
owing to the photon heat transfer (radiation conduction). The thermal conductivity contribution

due to radiation can be written as [103]

k= ? 7TO-n2T3lr (29)

where k, is the thermal conductivity due to radiation, o is the Stephen—Boltzmann constant, n
is the refractive index, 7 is the absolute temperature, and /. is the mean free path for photon

scattering. From this equation, the thermal conductivity of ceramics at higher temperature

became a function of 7. The total theoretical thermal conductivity of zirconia-based systems
is the sum of thermal conductivity by photon transport and thermal conductivity by phonon

transport and is given by
k:kr+kp (210)

At temperatures below 1200°C, phonon transport dominates the heat conduction
through zirconia. However, as the temperature is increased, radiation becomes more significant
(a 10% contribution at 1250°C) [88]. In real crystal structures, a scattering of phonons occurs
with the interaction of phonons with lattice imperfections. Such imperfections include
dislocations, vacancies, voids, grain boundaries, ions, atoms of differing ionic radius or atoms
of different masses and other phonons [104]. Scattering can be caused by locally distorting the
bond length and thus introducing elastic strain fields into the lattice. The effects that such

imperfections cause can be quantified through their influence on the phonon mean free path

(Z,). The phonon mean free path can be described using [88]

l:l+ ! +L+ ! (2.11)
lp li lvac lg b lstrain
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where [, [

vac’ g

[, and [

strain

are the contributions to the mean free path due to interstitials,

vacancies, grain boundaries and lattice strain, respectively. There may be a significant effect
of grain boundaries in nanostructured coatings [23]. The intrinsic lattice structure and strain

fields have a significant effect on both conventional materials and coated structures.
2.6 Effect of different parameters on thermal conductivity

of thermal barrier coatings

Thermal conductivity is one of the key material property that can be influenced by even
minor changes in the material microstructure or composition. In this section, the influence of

these parameters that can affect the thermal conductivity of coatings is discussed.

2.6.1 Impact of yttria content on thermal conductivity

The impact of microstructural properties on the thermal conductivity of zirconia-based coatings
is significant [ 105]. These microlevel changes are attributed to the process parameters used for
the different coating techniques. Each of these processes has a significant impact on coating
morphology and structure. APS coatings have a more splat-like structure while EB-PVD
coating has a columnar structure. With enhancement in process parameters, coatings can be

deposited that have a thermal conductivity lower than bulk materials.

Bulk zirconia has a thermal conductivity in a range of 2.2-2.8 W/(m.K). On the other
hand, yttria-stabilized zirconia (YSZ) based coatings have a lower thermal conductivity of
approximately 0.8-1 W/(m.K) [98]. This change in thermal conductivity is dependent on the
percentage of yttria content present in the coatings, along with some other factors such as
deposition technique or heat treatment. The reduction in thermal conductivity with the addition
of yttria is commensurate with a shorter intrinsic mean free path due to local modifications of

the lattice structure, and the introduction of vacancies and local strain fields generated by
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incorporating large dopant atoms. These strain fields and vacancies act to scatter phonons,
directly increasing phonon dispersion in the lattice. With increased dispersion, there is a high
probability that phonon-phonon interactions will occur whereby the mean free path will be
further reduced. The higher the yttria content, the lower the thermal conductivity of the coating

[104].

Srinivasan et al. suggested that at a given temperature, the reduction in thermal
conductivity with higher yttria content is consistent with oxygen vacancies playing the
dominant role in phonon scattering [ 105]. Figure 2-16 describes the effects of yttria content on
the thermal conductivity. Figure 2-16 depicts that a monoclinic phase with 0 wt% yttria content
has the highest thermal conductivity. The tetragonal phase with 5.3-5.8 wt% yttria has an
intermediate thermal conductivity value. A relatively large drop in conductivity can be seen
from 5.8 to 8wt.% yttria for cubic phase. Further increase in yttria content to 15wt.% from

5.8wt% does not cause a proportionate decrease in thermal conductivity.
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Figure 2-16 Effect of yttria content on thermal conductivity [105].
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2.6.2 Effect of Defects on the thermal conductivity of ceramic

coatings

The thermal conductivity of an insulator can be lowered in an efficient way by introducing
structural defects which constitute obstacles to the propagation of phonons [106]. Several types
of defects may be envisaged such as vacancies, voids, cracks, pores, substitution ions,
dislocations, interfaces (grain boundaries), etc. The role of vacancies is particularly important
in this respect for zirconia-based materials [107]. As nanostructured TBC have many grain
boundaries, phonon scattering will enhance significantly. In addition, the existence of nano and
micron pores, oxygen vacancies [108] and solute atomic point defects in the nanostructured
TBC, can possibly enhance the phonon-scattering effect, which makes the insulation effect of
the nanostructured TBC improve significantly. A special kind of lattice defect is a vacancy,
which is the total absence of mass (as shown in Figure 2-17) and a mismatch of volume on the

crystalline sites, as well as the surrounding chemical bonds.

(b) § # © % % * *
%
EESERERE el

Figure 2-17 Schematic drawings of (a) perfect crystal lattice without vacancies; (b) defective lattice with anion vacancies; (c)

(@)

defective lattice with cation vacancies. [55]

This leads to the strongest phonon scattering and lattice distortion. This distortion leads to
further scattering. An increase in the concentration of the vacancies will surely result in a lower

thermal conductivity.



Pure zirconia is treated as unusable because of its undesirable transformation at
elevated temperatures around 1100°C. Zirconia is stabilised either partially or fully by adding
hetero elements (most often Y, Mg, Ca) which stabilise the cubic (or the tetragonal phase). The
cubic form of zirconia can be fully stabilized by the addition of 20 wt.% Y203 in the Zirconia.
The metastable t' phase can be achieved by adding 6 to 8 wt.% Y20s3. Different phases and
phase diagram are shown in Figure 2-18. The electrical neutrality of the ionic lattice is
maintained by incorporating the hetero elements accompanied by the introduction of vacancies.

Incorporating hetero-elements such as Ca, Mg or Y lowers the thermal conductivity of zirconia.

(a) 2500 I]lI]I L | | L L | | L L [ L I_ (b) [ ]
T (e Y
0 I °o @
o] * &
2000 & 1 JOR A
- L]
a i [ ]
& 1500 \ 1@, .
= - Q ]
g ; o é
I C
£ 1000 \ . %%
S N i « ®»_*
m \ ) d o
500 \ 3 () c 7
: + i ~_ 97
T.(Um)) i oy ©
0 : \ . %
R . . ® 9
p| I T T T . N O O O O ® . O
0 5 10 15 20 25 4

Y O15 content (mol.%)

Figure 2-18 (a) The ZrOx-rich part of the ZrO2-Y203 binary phase diagram, (b) the lattice structure of the m phase, (c) t

phase and (d) ¢ phase of ZrO: [55]

The assessment of diffusivity measurements on zirconia with several types of stabilisers

indicates that analogous defect populations result in comparable thermal diffusivity [109].
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Some previous studies on different effects of defects

In the case of pure solids, the phonon thermal conductivity during the absence of any extrinsic
scattering by extended defects (grain boundaries, pores) or point defects (vacancies, solute
atoms), is given by the equation (2.8). Phonons interact strongly with a population of randomly
distributed defects rather than ordered vacancies. Some of these defects can be seen in Figure
2-19. Wei et. al calculated the influence of pore radius and crack length on effective thermal
conductivity with the aid of finite element method (FEM) and analytical calculation. The effect

of defects on the effective thermal conductivity of TBCs is expressed as [110]

D
K, =K, |1-— 2.12
eff 0( hlj ( )

where K. is the effective thermal conductivity, Ko is the thermal conductivity of the non-
defective bulk material, D is the influence parameter of defects on the effective thermal

conductivity, 4 is the height of sample, and / is the width of the sample (as in Figure 2-20).
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Figure 2-19 Various types of defects in a PSZ coating [111]

Influence parameter is expressed as [110]

D=phl+Y " Ck(i) (2.13)
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where p is the porosity, 7 is the number of cracks, Ck is an independent variation of the thermal
nonlinear area around the defect, which is only affected by the defect. Cx of the pore with
radius a is fitted as Cx = a.a’, Ck of a transverse crack with length 25 is fitted as Cx = b°. The
longest transverse crack plays the most important role in determining the effective thermal

conductivity along the spray direction, more than any individual defect [110].

Grain boundaries [112] and interfaces [73] can also scatter phonons and reduce the
thermal conductivity. Effect of phonon scattering at the grain boundaries is most effective at

low temperature for ceramics in general [112], and only slightly at high temperature.

T+AT

Figure 2-20 TBCs plate with defect inside subject to a temperature difference load

The study conducted by Mao et. al. [113] deduced the decrease in thermal conductivity
for InSb with increasing temperature. With the results from Figure 2-21, it can be clearly seen

that grain size and grain boundaries have an effect on phonon scattering.
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Figure 2-21 Comparison of lattice thermal conductivity kit between different InSb specimens [113]

Yang et.al performed finite element simulations on various shapes of defects (see Figure 2-22)
to analyse the effect of thermal erosion [114]. The influence of pore shapes on the distribution
of coating temperature, x component of stress, y component of stress, xy-shear stress and von-
Mises stress were the focused of this study. The simulation results indicate that different pore
shapes not only affect the thermal stress distribution above the contact area between the bond

coating and top coating surface but also affect the plastic deformation behaviour of TBCs.

Shapes Up-triangle Down-triangle
geometry N < %
ar - i .
# ) b aF b
Size (mm) a=0.12533 b=0.12533
Area (mm?) 0 0.007854 0.007854
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Figure 2-22 Different shapes modelled in Yang et. al research work [114].

Another result was obtained during this work. The change in temperature drop with an increase

in porosity content was calculated. The results are shown in Figure 2-23.
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Figure 2-23 Temperature drop with increasing porosity content [114].

Meng and Wei studied the evolution of lattice structure and thermal conductivity for a range
of Ti-doped, Y20s-stabilized ZrO, (YSZ) solid solutions [115]. They studied the mechanism
to reduce the thermal conductivity by Ti doping. The results of their study can be seen in Figure

2-24.
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Figure 2-24 The thermal conductivity of the specimens as a function of temperature [115]

Common results obtained on the effect of defects are in [19], [55], [98], [110], [111], [115],

[116] and include:

Generally, the pores/defects account for 40-75% of the reduction in the effective
properties (thermal conductivity and effective modulus, E), depending on the feedstock
and the fabrication process.

The most important parameters that affect thermal conductivity are grain contact
surface area, volumetric density of macro and micro-cracks, and porous boundaries.
There is an increase in the thermal insulation effect of TBCs with the increase in the
size of pores (pores distributed in the ceramic coating). The strength of the coating must
be the basis in order to increase the size of pores of the TBCs.

Surface pores will increase thermal conductivity.

Different shapes of pores have different effects on thermal conductivity when the

overall area of the pores is fixed.
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e There is a reduction in the intrinsic thermal conductivity due to phonon scattering by
point defects (oxygen vacancies).
e Substitutions offer another route for phonon scattering that leads to the reduction in

thermal conductivity.

2.6.3 Effect of coating structure on thermal conductivity

The thickness of YSZ coatings plays an important role in defining the total thermal
conductivity, especially for the coatings deposited by the EB-PVD technique due to the fine
microstructure of coating near the base. Thickness also affects thermal conductivity because of
the microstructural changes across the coating thickness. These changes are roughly
characterized by the grain size in the coating. Coatings have an inner zone with a fine-grained
structure and an outer zone with coarse-grained microstructure [117]. The inner zone has
numerous grain boundaries while the columnar structure at the outer zone becomes coarser and
the number of oblique columnar boundaries decreases. Thinner coatings have lower thermal
conductivity (due to fine-grained particles that increase grain boundary effect) as compared to
thick coatings [117] due to the fact that the columns and the elongated intercolumnar porosity
become predominantly aligned perpendicular to the plane of the coating as its thickness
increases. The thermal conductivity of the inner zone is dominated by phonon scattering at the

defect or grain boundaries.

The thermal conductivity of a thick coating with a thickness of about 300um is about
40% higher than that of thin coatings of about 50um [117]. Table 2-2 illustrates the difference
between the thermal conductivity of thin film and bulk materials. The fabrication process is
different for both types of coatings. There will be different properties based on the fabrication

process. The difference can be clearly seen in the thick and thin coating materials.
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Table 2-2 Comparison of Thermal Conductivity of thin films and bulk materials

Thermal conductivity of Thermal conductivity of
Material
Thin Films (W/mK) Bulk Material (W/mK)
Glassy Si0> 0.12 1.3
0.6 (evaporated)
TiO2 5.5-7.6 (rutile)
0.5(sputtered)
V4{0)} 0.8 2-5
AIN 16 70-220(polycrystalline)
. INNONNN .
Course grained outer zone
(Aoz= 2.2 W/mK)
Total length ‘7’ \ A\/ R
4 Fine grained mner zone
(Az=1.0 W/mK)
A J A 4

Figure 2-25 Structure of EB-PVD Coating showing two separate zones of Fine and Coarse grains [117]

Fine-grained materials tend to have a lower thermal conductivity. For instance, when
the grain size is of nanometre dimensions [88], the value of 0.7 W /(m.K) is predicted. The
structure of a two-layered EB-PVD coating is presented in Figure 2-25. The total thermal

conductivity of two-layer coating can be obtained as
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L: liz n loz (2.14)
A liz ioz

where [/ is the thickness and ) is thermal conductivity and oz and iz stand for the outer zone and

an inner zone, respectively. Figure 2-26 illustrates the effect of grain size on the thermal
conductivity, where the thermal conductivity is dramatically reduced when grain size falls

below 100 nm.

Intrinsic

Thermal Conductivity, k Wm 'K

0 200 400 600 800 1000 1200
Temperature, T (°C)

Figure 2-26 The effect of grain size on thermal conductivity of 7Y SZ[88].
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2.6.4 Effect of layering on the coatings produced by EB-PVD

technique.

There are many techniques that were implemented by researchers to lower thermal
conductivity. One such approach was the introduction of additional phonon scattering centres
into the coating in order to reduce the thermal conductivity of EB-PVD TBCs [88]. Heat
transfer is affected by the dispersion of phonon and photons [119]. The scattering of heat
carriers is also possible at the interface between the layers. With this perspective, layering of
the top coat will be an efficient idea to counter heat transfer [120]. Combined layers act as one
homogeneous unit to reduce the thermal conductivity of coatings. To fully understand this
effect, consider a thermal barrier coating that is composed of multiple nanolayers of different
materials, such as zirconia and alumina [44], with the added advantage of thermal resistance at
boundaries/interfaces. The higher the number of interfaces, the higher the possibility of
scattering of heat carriers. Layering increases the scattering areas in the ceramic coating,
leading to a lower thermal conductivity. Figure 2-27 provides an overview regarding the
layering technique. Layered coatings will have a higher number of inner zones with a lower

thermal conductivity as compared to a single layer.

f
«— Low Modulus/Strength g oy

High I
Modulus/
Strength |

Aluminum
Oxide layer

Bondcoat

f\ _/

Figure 2-27 Schematic illustrating layering of coating [121]
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The difference in the thermal conductivities of these is attributed to microstructures
developed within the coatings. It is notable that the cracks are responsible for the lowering
thermal conductivity along with the pores and other defects within the coating. It should be
kept in mind while designing the layered top coat that if the layers are too distinct, the coating

density will increase and can lead to premature delamination [121].

2.6.5 Effect of sintering on thermal conductivity

A large number of microcracks, pores and finer grains are present in the coatings, especially in
the as-sprayed coatings. These microcracks and pores help to keep the thermal conductivity of
the ceramics in the lower range. The concentration of these microcracks tends to fall when the
coatings are exposed to higher temperatures because of the sintering effect. The internal
structure of the coating changes quite clearly after heat treatment [122]. This happens due to
the expansion of the coating during heating. The microcracks present in the coatings tend to
diminish and overall porosity level falls. Sintering leads to an increase in thermal conductivity
of the coatings. The thermal conductivity of as-sprayed coatings is in the range of 0.88-
1.1W/(m-K).

The effect of temperature on both the conventional and nanostructured coating can be
seen in Figure 2-28. The common trend of an increase in the thermal conductivity of coatings
after heat treatment can be seen. The thermal conductivity of the as-sprayed coating is less than
the 100h heat-treated coating. The thermal conductivity value increases from 0.8 W/mK for the
as-sprayed coating to 1.2 W/mK for 100h heat treated coatings in the Nano-structured coating.

This is attributed to sintering.
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Figure 2-28 The effect of temperature on the thermal conductivity of conventional and nanostructured coatings [123]

Changes in the structure of coatings due to the sintering effect are irreversible. These
changes decrease the thermal conductivity value during the heating-up period [123]. Stress
relaxation plays an important role in this. The thermal conductivity of the nanostructured
coating strongly depended on coating porosity. High porosity level in the nanostructured
coating provides a lower thermal conductivity value. The pores interrupt the heat flow because
of inefficient conduction through a void, even they are gas-filled [124]. Changes in the coating

from the as-sprayed to the heat-treated state can be seen in Figure 2-29.

Figure 2-29 Changes in the coating microstructure due to heat treatment can be seen in (b) and (c) in comparison to (a) i.e.

as-sprayed coating [123].

The changes include the closure of interlamellar pores and cracks, pore agglomeration
and growth, healing of intra-splat microcracks and transformation of cracks into globular pores.

The grain size of the nanostructured coating increases and exceeds the order of the mean free
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path for phonon scattering with annealing time [125]. For this reason, the thermal conductivity
value increases significantly with increasing grain size. From heat transfer theory, the thermal
barrier effects in this situation can be determined by [123]

9331In(1+200d)

mﬂ+%Md}%——¥&———+OO%WL+2L

(0.005 + ) Shi

AT =

(2.15)

where d is the ceramic coating thickness, 4 is the heat transfer coefficient of hot gas, 4; is the

heat transfer coefficient of cooling air, and Ac is the thermal conductivity of the ceramic

coating.

2.6.6 Effect of interface on the thermal conductivity

The interface is an important structure in thermal barrier coatings. When heat flows across an
interface between two different materials (phases) or two adjacent layers, there exists a
temperature jump at the interface. This sudden change in temperature (in very small thickness
of the coating) is attributed to the interfacial thermal resistance (ITR) that can be defined by
the following [73]

R=AT.J (2.16)

where J is the heat flux density, the heat flow across a unit area in unit time, A7 is the

temperature difference between the two sides of the corresponding interface and R is the value
of the ITR. The ITR was discovered in 1941 [126] and the temperature jump was at an interface
between a solid and a liquid. Because of a temperature discontinuity at interfaces, composite
materials will show a reduction in effective thermal conductivity due to the presence of the
ITR. Temperature drops with respect to the dislocation can be seen in the coatings with an ITR

in Figure 2-30. The temperature drop at the interface of top-coat and bond-coat is due to the
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resistance offered by the boundary changes and these changes can simply be because of

difference in material properties of top coat and bond coat.

1480
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Figure 2-30 Difference in temperature drop with and without considering ITR [73]

The bond-coat/top-coat interface roughness also has a very important effect on the
effective thermal conductivity of the as-sprayed TBCs [127]. The effective thermal
conductivity will increase with increasing interface amplitude, while also considering the
interfacial thermal resistance. However, this tendency is not evident without considering the

interfacial thermal resistance.
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3. Models for thermal conductivity

Modelling and predicting the thermal conductivity of thermal barrier coatings is an
ongoing topic of research. Modelling involves the use of pre-existing data to form either an
analytical or numerical model. These models can provide an estimate of the coatings that can

be developed with modified properties. There are models that already exist.

First, a brief introduction about the thermal conductivity. Thermal conductivity (k), is
the measure of heat transfer from one surface to another that is having a cross-sectional area 4
and are separated by a distance L. There are many formulas to calculate thermal conductivity
depending on the coatings and its parameters. The thermal conductivity of free-standing

materials can be determined by [128]

k=a.Cvp (3.1)

where p is the density of the free-standing material (kg/m?), C, indicates the heat capacity of

materials at constant pressure (J/(kg K)), and « is the thermal diffusion rate (m?/s). The
modelling of thermal conductivity is beneficial prior to the fabrication of the coating to better
predict and understand the properties of new or modified coatings [129], [130]. Most of the
times these models provide an estimation of the results that are comparable to the experimental
results [130], [131]. Modelling reduce cost and increase efficiency by predicting the best

possible combination of parameters for fabrication out of thousands of possible combinations.

Previous research work has produced models to predict thermal conductivity. A brief

introduction to the existing models is discussed in this section.
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3.1 Analytical models

A large number of analytical models have been developed to estimate the total thermal
conductivity of the ceramic coatings deposited by various deposition techniques [46], [57],
[74], [85]. The porous microstructure is considered one of the best ways to lower the thermal
conductivity of TBCs [116], [132], [133]. Understanding the effect of pore size, shape,
orientation and pore morphology can be enhanced using modelling. Most models are presented
based on randomly distributed non-interacting pores of ellipsoids or spheroidal shapes, or some

with periodic structures.

One of the early models was developed by Maxwell-Eucken in the late nineteenth
century [99]. The assumption was made that dispersed phase was composed of randomly

distributed, non-interacting and identical spheres. This model can be described by [99],[134]

km;: 1-P (3.2)
ka 1+0.5P

where ki 1s the thermal conductivity of a porous material, ks is the thermal conductivity of a
dense material and P is the fraction of porosity. The assumption in this model was that the

thermal conductivity of pores is small or negligible.

Another model was developed by Klemens. This model holds for non-spherical pores

that are randomly distributed. It can be described by [135]

ktot
ka

4
=1--P 33
3 (3.3)

where k;: and ks have the same meaning as mentioned above.

Hasselman [136] developed a model which calculated the effect of cracks having
different orientations on the thermal conductivity of solid materials. It was concluded that

maximum thermal insulation is obtained with cracks perpendicular to the direction of heat flow,
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while cracks parallel to the direction of heat flow have the smallest effect on thermal

conductivity.

Bruggeman provided an excellent model to predict the thermal conductivity of porous
coatings [34]. Bruggeman extended the Maxwell model to systems having random dispersions
of spherical particles of several sizes. He proposed a model that assumes that if a relatively
large spherical particle is introduced into a dispersion containing much smaller particles, there
will be a negligible disturbance of the field around the large sphere due to the small spheres.
With this model, he showed that the limitation on a volumetric fraction of dilute dispersion can

be removed. The Maxwell model is extended to [137]

kohy _ o b=k,

(3.4)
k+2k, k,+2k,

Change in conductivity dM, with the change in volume fraction of dispersed phase, is expressed

as

dM _ dP [kd—MJ (35)

3M  1+P\ k,+2M

Integrating P from 0 to % and M from ki, to k. leads to Bruggeman’s two-phase model given
+

by

k  ka

ST TR (3.6)
(e 02)
kem ka

where k is the thermal conductivity of the composite, & is the thermal conductivity of the

matrix, kq 1s the thermal conductivity of the dispersed phase, and f'is the volumetric fraction of
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the i phase. Also, in this case, it is possible to generalise the modelling to a solute dispersion

of randomly oriented ellipsoids.

McPherson proposed the analytical model for predicting the thermal conductivity of
plasma-sprayed coatings [138] 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 [138]

ko _2f8 a7

ka a

where ¢ is the lamellae thickness, f is the fraction of ‘true contact and « is the radius of
individual contact areas. Li et al. [139] and Boire-Lavigne et al. [140] further developed this

model.

Sevostianov et al. [141] developed a model which provides an improved relationship
between the microstructure parameters and thermal conductivities. The microstructure was
assumed to be composed of two families of penny-shaped cracks—horizontal and vertical. The

thermal conductivity in the direction perpendicular to the substrate is given by [141]

kot —1— Sav (38)
ka 3(1-P)

where P is the density and a, 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 scatters.

Lu et al. [142] proposed a model which included different kinds of pore morphologies,
randomly oriented pores, aligned but spatially random pores, periodic pores and zigzag pores.

They used the Finite Element Method (FEM) to calculate the conductivity of zigzag pores. The
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model was applied to TBCs made by EB-PVD. The effective thermal conductivity & for zig-

zag pores is obtained as [142]

k= el (3.9)
(Tbottom - ]—'top) / ﬂ,

where g=g¢- is the heat flux in the z-direction averaged in x over the top (or bottom) surface and

Troom and Trop are the temperatures of the bottom and top surfaces respectively.

Wei et al proposed a model for the effect of defects on the thermal conductivity and
calculated the effective thermal conductivity. They proposed a variable Ci that is an
independent variable only affected by the nonlinear area around the defect. They concluded
that this variable is independent of the thermal gradient and the plate size under consideration.
There is no significant change in the value of C; with respect to increasing temperature. The
effective thermal conductivity of n pores having no interactions with each other can be obtained

as [110]
. ! iz
Keff=K0[1—p—L} (3.10)

where K is intrinsic thermal conductivity of the non-defective bulk material, a is the pore
radius, o is taken to be equal to the numerical value of 3.06, /4 is the height and / is the width

of the model.
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3.2 Numerical models

Kulkarni et al.[143] studied the effect of powder morphology on the properties of plasma-
sprayed YSZ coatings. A two-dimensional finite element model was used to represent the
coating microstructure. There were three categories of voids that were considered —
interlamellar pores (having a hexagonal shape), intra-splat cracks and globular pores. They
predicted thermal conductivity values that were higher than the experimentally measured
values due to lack of reference information for splat and pore size distribution.

Hollis [144] developed a model based on FEM to compute the thermal conductivity of
special tungsten coatings. The model used 2-D images recorded using Scanning Electron
Microscopy (SEM). The images were based on grey scale level in the micrographs. The dark
segment represented the pores while the light portion represented tungsten. A finite element
mesh was created over the image. APS coatings have a complex microstructure. A method to
compensate for 3D pore structure effects was also proposed by choosing the maximum
effective pore length for APS coatings [144].

Dorvaux et al. [145] developed software for the calculation of the thermal conductivity
of porous coatings. This computation is performed based on binary images of real material.
This approach included complex ceramic morphologies. The contribution of each pore family
(globular pores, cracks etc.) towards thermal shielding abilities was determined by using image
analysis. Later, this approach was used as an alternative to diffusivity measurements [146].
Further, it provides the relationship between sintering effects and thermal conductivity and was
used to study the effect of pressure on thermal conductivity of TBCs.

Bartsch et al. [147] compared the results from the finite difference (Tbctool) and finite
element simulations for determining the thermal response from binary images of EB-PVD TBC
microstructures. The results were more precise with decreasing mesh size and when the area

of the image is large.
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Wang et al. [73] used the finite element method to simulate the heat transfer behaviour
of TBCs with different interfacial characteristic based on several different interfacial thermal
resistance (ITR) models. The simulation results indicate that the heat flux around the interface
exhibits a significant changing characteristic and that the thermal insulation effect of TBCs
would be enhanced with an increase in the area of the interface. The interface roughness
(amplitude) also has a large effect on the effective thermal conductivity of the as-sprayed
TBCs.

Tan et al. [103] generated a 2D finite element mesh with the help of processed SEM
images of coating microstructure and predicted the thermal conductivity using commercial
finite element code for some ceramic coatings. For YSZ coatings, the predicted results for the
thermal conductivity were higher than the values obtained from the Laser Flash Analysis
(LFA).

Qunbo et al. [148] developed a finite element mesh over a real microstructure image
using digital image processing to predict various thermo-mechanical properties of TBCs. They

concluded that transverse cracks in the coating are the most significant for thermal insulation.

Out of these models, Bruggeman’s two-phase model is chosen as a reference model on
which to propose a modification. The proposed model will be based on similar assumptions as
described by Bruggeman.

The proposed model will be based on the porosity content present in the coating. There are
several types of defects in the coating’s microstructure. Of all, four types of defects will be
chosen that will be distributed in a continuous matrix in randomly oriented manner.

A detailed discussion of the proposed model will be presented in Chapter 4.
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4. Proposed model for thermal

conductivity

As previously mentioned, the high-temperature performance of thermal barrier coatings is
greatly influenced by microstructural features [97], [148]. The thermal and mechanical
properties of ceramic coatings are also influenced by the deposition technique and process
parameters, in addition to the intrinsic thermal properties of the coatings [149]. These factors

contribute to changes in shape, size and morphology of the porosity inside the ceramic coating.

Analytical models provide details about the complex structure of thermal barrier
coatings [150]. The defects in dense coatings strongly influence their thermal conductivity
[110]. In general, these defects are often referred to as pores. Pores can be classified as open
pores, horizontal or vertical pores or randomly oriented pores [151]. The most common type

of pore in a coating is the randomly distributed pore.

Figure 4-1 provides an overview of the various types of defects that are assumed to be
present in the coatings. The modelling of thermal conductivity is mostly performed on the basis
of these types of pores. The spheroidal shape is best suited for the modelling as it can cover a

wide variety of actual cracks or pores shape and orientation.

The models used for the distribution of the pores can be classified into symmetrical and
asymmetrical models. This classification is based on the schematization of pores, either by the
dispersion of the unique grains into the continuous matrix or by the symmetrical distribution

of pores in the whole matrix.
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The performance of the TBC is related to porosity; hence it became essential to design
the thermal properties of these materials prior to actual fabrication by using a modelling

approach.

Figure 4-1 Different types of pores and cracks that are mostly used for modelling work.

The distribution of porosity in the analytical model can be presented precisely, however
certain conditions need to be considered, such as the model must contain adequate
microstructural details to represent the properties of the sample [152]. Even the minute details
regarding the microstructural features of the coating must be included so that the actual

properties can be modelled precisely.

Many analytical models have been developed and some of them have been discussed
in the literature review. The models that predict the thermal conductivity with better accuracy
are the hybrid combination of asymmetrical and symmetrical models [145]. Of these models,
the Bruggeman asymmetrical model provides a better estimation of a coating’s thermal

conductivity [34].
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As discussed in Chapter 3, the proposed model is based on Bruggeman’s two-phase
model. Details about the Bruggeman’s model will be discussed in this section. Some

assumptions in this thesis work are as follows:

e The thermal conductivity of the dispersed phase or of the defects is assumed to be
negligible.

e Heat transfer is along the thickness of the coating only (or perpendicular to bond coat-
substrate interface). No lateral heat transfer is assumed.

e The effect of connected pores is neglected.

e There is a linear relation between the porosity and thermal conductivity.

Bruggeman’s model assumes the introduction several spheres in a dilute dispersion
having an infinite range of size values and that each sphere is embedded in the continuous
matrix. With his work, he removed the limitation on the volumetric fraction of the dilute
dispersion that was not possible in the case of other models (0 < /< 1). Bruggeman designed
the model for a porous TBC system. This model assumes only one type of defect having a

single orientation. Example of such coatings can be seen in Figure 4-2.

Figure 4-2 SEM image of spherical pores in continuous matrix [98]
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The equation for the simple case of the Bruggeman model is given by the equation (3.6)
, Where k£ is the thermal conductivity of the composite, 4, is the thermal conductivity of the
matrix, kq is the thermal conductivity of the dispersed phase, and f'is the volumetric fraction of

the i phase.

Bruggeman’s model is further simplified by assuming the thermal conductivity of
pores/defects is negligible i.e. ks = 0. Under the condition of non-radiating pores, equation (3.6)

reduces to

k 3
k—=(1—f)2

m

(4.1)

This equation is the special case when the pores are of spherical shape. The Bruggeman
model is based on ellipsoids of revolution, hence in general, for the dispersion of an ellipsoid,

the Bruggeman model is a modified version of equation (4.1) and is given by [153]

ki =(1-1)" (4.2)

where the value of X depends on certain factors such as the shape factor of the ellipsoid (F )
and a, which is the angle between the heat flux and the axis of revolution. The value of X can

be described by [153]

2 2
le cos a’+cos o 4.3)
1-F 2F

The value X is set to 3/2 when there are only spherical pores in a continuous matrix.
The assumption of non-conducting pores/defects is valid for a certain temperature limit,
however, its primary purpose is to simplify the model [34]. In reality, coatings contain several
types of defects [19], [55], [110], [111]. Therefore, for more realistic modelling of coatings,

superposition of the contributions of different defects types on the overall thermal conductivity
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is required. One approach is to iterate the Bruggeman’s two-phase model to higher levels of

porosities. This approach is explained in detail in subsequent paragraphs.

The Bruggeman two-phase model consists of a binary mixture of dense material and
spherical pores. To generate a three-phase model for composites, a two-phase model can be
used in an iterative way. This approach works in two steps, first of all, the addition of type 1
porosity is assumed in the continuous matrix so that the average thermal conductivity of a
binary mixture is obtained. Then, for the second step, the binary mixture is considered as a

continuous matrix, and subsequently, a type 2 porosity is added in the same manner.

Suppose that f; and f> are the final percentages of type 1 and type 2 porosity,
respectively, then the total porosity in the coating is given by f, which is given as the sum of
the different types of porosities. Therefore, f = f; + f>. There can be two ways of adding the
defects in a continuous matrix. Consider if we add a Type 1 porosity first into the continuous

matrix and then add a Type 2 porosity. This will lead to an equation given by

sl

Now consider if we first add Type 2 porosity in the continuous matrix and then Type

1, this will generate the formula as-

{wL_f_dq)( fz)} @.5)

The proposed model is developed by averaging the multiple values of the constituents that
directly make up the composite material. Therefore, when we average the two possible cases

we can have the thermal conductivity of the three-phase mixture [153] as
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where ko is the thermal conductivity of the matrix, ‘I’( f ) and @ ( f ) are functions describing
the effect of defects on the thermal conductivity of the coating. This process is also known as
an averaging technique. The equation (4.6) is symmetrical with respect to the product of ‘P( f )
and O ( f ) in order to satisfy the commutative properties of the dilution process. This property

helps to produce a unique solution.

Figure 4-3 Spheroidal shape used in modelling defects

For this thesis work, spheroids (ellipsoids having a revolution axis corresponding to the
ellipsoid axis ‘a’ and with the other two axes equal i.e. b=c) are chosen to model the various
types of defects. Spheroids can be used to define a wide variety of real situations by defining
the angle between the heat flux and the dispersed particle i.e. o, and by varying the axes ratio
a/c. A spheroidal shape can be seen in Figure 4-3. This shape can be modelled into lamellas,

cylinders, spheres and spheroids by varying the ratio between the axes of the spheroid.

R/

¢ Possible Shapes (Figure 4-4)—
e Sphere: when all axes are equal i.e.a=b =c.
e Oblate: when b >a and c > a.

e Prolate: whena>b and a > c.
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prolate spheroid sphere

Figure 4-4 Pictorial representation of different spheroidal shapes

For equation (4.3), the values of the shape factor F vary as per the different shapes under
consideration. The shape factor F depends on the ratio of axes a/c. The ratio of axes is obtained

using the software Image J. The graphical representation of the shape factor with varying axial

ratio a/c is shown in Figure 4-5.
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Figure 4-5 Shape factor F as a function of the axial ratio a/c of the spheroid [153].

Corresponding to the value of a/c, the shape factor F can be obtained from Figure 4-5.
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In case of sphere shaped defects; when the major and minor axis are equal (a = ¢). For

a sphere, the value of shape factor is given by F=1/3.

When the axis a is smaller than axes b and ¢ (¢ > a), the spheroid is stretched
horizontally to obtain the shape of an oblate spheroid. The shape factor F for oblate pores

(lamellas) lies between 0 and 1/3.

A prolate shape spheroid is created when pores are stretched in the vertical direction
and there is a very little area in the horizontal direction. The shape factor for prolate pores lies

between 1/3 to 1/2.

There is an exception where, if the lamellae are oriented normal to the heat flux, X is
equal to 1. An illustration of a prolate spheroid, oblate spheroid and sphere are shown in Figure
4-4. The value of the X can also be modelled using a cylindrical shape as well. For a cylinder,
the X values depend on the orientation of the major axis a. The values are different depending

on whether the ‘a’ axis is parallel, randomly oriented and/or perpendicular [153].

3)

(1)

Figure 4-6 X-factor as a function of the axial ratio a/c for different spheroidal shapes [153].

62



Figure 4-6 represents the graph of the relationship between the X factor and a/c ratio.
The curve marked as (1) represents the X factor values for spheroid pores that are randomly
oriented. Curve (2) represents the X factor values for a spheroid with revolution axis ‘a’
oriented parallel to the heat flux. Similarly, the curve (3) represents the values of X-factor for
the spheroids oriented with the revolution axis ‘@’ normally to the heat flux. The intersection
of all three curves represents the point for the X-factor value for a sphere. At this point (a/c=1)

and X=1.5. Flow chart of the whole process can be seen in Figure 4-7.

SEM images

of coatings

Image J :
and MIP* Volumetrlc
fraction of

defects

Length of axes (a, b or ¢)
and orientation (o)
\—>I a/c —shape factor F I

Y

Effect of
particular type of
defect
(Functions W)

Overall Thermal
Conductivty

Figure 4-7 Flowchart describing the process to obtain the thermal conductivity of a coating.
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For the present thesis work, Bruggeman’s two-phase model was chosen as a reference

model and with the help of an iterative approach (using the averaging technique), a five-phase

model is developed. The goal this thesis work is to enhance the analytical model to better

predict the overall thermal conductivity of a ceramic coating by using a five-phase mixture. In

the proposed modified model, four different types of defects are assumed to be embedded into

the continuous matrix. This makes this model as a five-phase model for porous composites.

The assumption of no heat transfer through these pores is still valid, therefore ks= 0 (ks is the

thermal conductivity of pores). The nomenclature of the current model is described in Table

4-1.
Table 4-1 Nomenclature of the proposed model
fi Represents the volumetric fraction of the i’ phase of the composite.
Value of frange from 0-1.
Spheroid Ellipsoid having a revolution axis corresponding to ellipsoid axis a
and the other two axes are equal i.e. b=c.
Shape factor F' A numerical value related to the shape of a spheroid.
X factor A numerical value taking into consideration both shape and
orientation of spheroid in heat flux
k The thermal conductivity of the composite.
ko The thermal conductivity of the dense material.
@, ¥, ©and B Functions each representing the effect of different types of porosity on
thermal conductivity
J1, /2, f3and f4 Volumetric fraction of porosity corresponding to ¥, @, © and S
respectively.
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The total porosity fis the sum of the contributions of all the different types of porosities.

Therefore, it is given as f = fi+f>+f3+f;. The values of @, ¥, © and p all are given by the

equation (4.2). The values of different porosity types are obtained from previous works [88],
[111],[119], [153], as well as from image analysis using Image J. With the proposed iterative
approach, the addition of four different types of porosities simultaneously into the continuous
matrix is carried out using the averaging method. This gives the formula for five-phase porous
composite material that consists of twenty-four equations. Therefore, for better understanding,
the formula for the five-phase model is divided into four parts. This process does not affect the

formula in any manner as all four parts simply sum. The five-phase model can be expressed as

k= %(A+B+C+D) (4.7)

where 4, B, C and D provides simplification of the formula. The formula averages the all
possible condition in which the four different types of defects can be added in different

sequences. The values for 4, B, C and D are given as follows:
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By simply averaging all the possibilities of the addition of defects, the five-phase
formula was obtained. Each type of defect has its respective shape factor " and X-factor. The
calculation of these parameters is important for the proposed model to work as expected. These

calculations are performed in the next section.

4.1 Calculation of the X-factor for different values of shape

factor F and angle a

The model for the five-phase composite material depends on the shape, size and orientation of
the various types of porosities/defects. It is known that the orientation of the pores and cracks
impact the overall thermal conductivity [19], [136], [142]. Even a small deviation in the axes
of the pores will result in different values for the thermal conductivity, even for materials with
the same composition [154]. As discussed earlier in the above section, the X values vary
according to the shape under consideration. In this section, the different values of X with respect

to different angles and shapes will be calculated using equation (4.3).
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The first step for the model is to obtain values of different axes of the defects using Image J.
After obtaining the ratio of axes a/c, the shape factor F is obtained from the Figure 4-5. The F/
values vary with respect to different kinds of shapes. The orientation of the defects is also
obtained using Image J. The orientation a (see Figure 4-8) is the angle between the vertical

heat flux and the axis of revolution.

Heat Flux

S Axis of
revolution

Figure 4-8 Representation of angle o

The value of shape factor F for the horizontal type of defects or lamellae lies within the
range of 0-1/3. It is apparent from the work of Hasselman that the pores that are perpendicular
to the direction of heat flow are more beneficial in reducing the thermal conductivity compared
to the pores that are aligned parallel to the direction of heat flux [136]. This explains the lower
thermal conductivity of APS coatings as compared to EB-PVD TBC. APS coatings have a

more splat structure (lamellae porosity) that lowers the heat transfer [140].

Vertical type of defects or the cylindrical defects has a shape factor F, in the range of
1/3-1/2. The cylindrical shape is used to represent the cracks or pores that are more spread in
coatings. The tiny voids are often represented by a sphere, but in most cases, these pores get
elongated during the thermal cycling under the influence of thermal stress and mismatch

between thermal expansion coefficient of different materials [155].

The values of X-factor are calculated using equation (4.3) at various angles, such as 0°,

30°,45°, 60° and 90°. The difference caused by changing the orientation of an axis can be seen
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in the figures below. Figure 4-9 and Figure 4-10 represent the graphs between the values of X

corresponding to the values of F at an angle a of 0 degrees.
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Figure 4-9 Values of X with respect to shape factor F at a = 0° for F between 0.05 to 0.

10 T T

Values of X
(52}
T
|

| | 1 1 | | ! |
00.05 0.1 0.15 0.2 0.25 03 0.35 04 045 0.5
Values of F

Figure 4-10 Values of X with respect to shape factor F at a = 0° for F between 0.05 to 0.5
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Changing the angle of the axis of revolution corresponding to heat flux from 0° to 30°
affects the values of F and ultimately the values of X. Figure 4-11 represents the changes in the

values of X for the variation in angle a from 0°to 30°.
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(5,
T

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05
Values of F

Figure 4-11 Values of X with respect to shape factor F at o = 30° for F between 0 to 0.5

The change in the curvature of the graph provides evidence to support the dependence
of X values on the shape factor F. Figure 4-12 represents the graph between X and F for an

angle o=45°.
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Figure 4-12 Values of X with respect to shape factor F at o = 45° for F between 0 to 0.5
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Figure 4-13 illustrates the results obtained during the calculation of the X factor corresponding

to F at an angle of 60° between the axis of revolution of the spheroid and heat flux.
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Figure 4-13 Values of X with respect to shape factor F at o = 60° for F between 0 to 0.5

It can be seen from all the figures present in this section that there is a variation in the
values of X with increasing angle a. When the axis of revolution is directly perpendicular to
the heat flux, the value of X increases with an increase in the value of shape factor F. The
representation of this can be clearly seen in Figure 4-14, where the starting value of X is the
lowest and tends to increase with increasing value of F. The results obtained from these graphs
will be used in the proposed five-phase model for composite materials to calculate the thermal
conductivity of different materials. Certain points or values will be chosen from these figures

for particular cases.
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Figure 4-14 Values of X with respect to shape factor F at o = 90° for F between 0 to 0.5

4.2 Obtaining values for the current model

Currently, the evaluation of porosity volume is the major method of characterization of
thermally sprayed deposit microstructure. To better estimate the thermal conductivity of the
coating with the five-phase model, the shape factor /" is chosen to approximately to 5 decimal
places. During the calculation of the values, changes corresponding to a single decimal place
are inevitable. Therefore, certain values of F' have higher decimal places to accommodate

minute changes.

For the computation of thermal conductivity using the equation (4.7), the values of the

functions @, ¥, ©, and B all defined using equation (4.2). Table 4-2 represents the effect of

different values of X on the different functions. The functions used in this table are based on

the equation (4.2).
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Table 4-2 The effect of different F and o

Representation in
Function
terms of X
Open randomly oriented - ®(f) (1-f )X'
Revolution axis oriented parallel to heat flux - W(f) (1 —f )X2
Non-flat spheroids - O(f) (1_ f)Xs
Revolution axis oriented perpendicular to heat flux - B(f) (1 —f )X4

When the length of axes a = ¢ =1, then ratio a/c = 1. Corresponding to the ratio of axes
equal to one, we have shape factor F=0.3333. At any given angle, the value of X in this is

always equal to 1.5.

Table 4-3 The X values for F=1/3 at different angles

The X values obtained for the shape factor F'=0.3333 or 1/3

Angle a X values
At 0° 1.5
At 30° 1.5
At 45° 1.5
At 60° 1.5
At 90° 1.5

This shows that the current shape being modelled is a sphere as there is no change in

the value of X with changing the orientation of the pore (see Table 4-3). In actual coatings,
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there are very few voids that are identical to the shape of a sphere due to the elongation of
cracks and pores during thermal cycling [155]. Most of the real cracks or pores can be modelled
using spheroids. Spheroids encompass most cracks and pores that can be found in the high-

temperature coatings [142].

During the calculation of X-factor, the values are obtained in the range of 1 to 10 for
different types of pore shapes and orientation. A limit is set on cracks to be considered as
microcracks, as it is difficult to model the small cracks. The maximum upper limit for narrow
microcracks is arbitrarily chosen as 100nm. The microcracks with length over 100nm are

treated as open porosity.

The microcracks can be described by sharp disk-shaped spheroids (penny shape pores).
Penny shaped cracks can be observed in two different orientations. Most of the cracks have a
revolution axis oriented parallel to the thickness of the coatings. This type of pores can be
denoted by the function . The remnant penny-shaped pores have the revolution axis oriented
perpendicular to the heat flux. This type of pore can be denoted by function f. The X value for

these microcracks changes with different types of material under consideration.

The axes ratio in the case of microcracks is obtained as 0.07. Using this value, the value
for shape factor F'is obtained using Figure 4-5. Further using the value of F, we found the value
of X for function the ¥(f) using a = 0°. The value of ¥(f) = 7 is obtained for most of the

materials. This value is a fitting parameter in the model.

Furthermore, for the penny-shaped cracks, the a/c ratio is approximately equal to 10
and the corresponding shape factor F is 0.496. The angle a is equal to 90° for penny-shaped
cracks. The value of the function f(f) varies between 1.2 — 2, due to the variation of the ratio

of axes, but for most cases, X = 2 is chosen for .
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Another type of porosity that is modelled is the non-flat spheroid. The non-flat

spheroids are represented by the function ©(f). The axes ratio for these types of pores is equal

to 0.7. The angle a is 0° in this case. Using these values of F' and a and using the equation

(4.3), the X value for non-flat spheroidal shaped defects is obtained as 1.7.

The open randomly oriented porosity is described by the function @(f). In the case of
randomly oriented defects/pores, the ratio of axes is 1:1.25 leading to shape factor F of 0.3.
The defects are assumed to have the value of angle a = 0°. The value of X for open randomly

oriented porosity is obtained as 1.66, as found in the work of Schulz [156].

Table 4-4 Values of different parameters

a c a/c  F (shape factor) X Defect Shape

1 1.25 0.8 0.3 1.66* Open Randomly Oriented
1 14 0.07 0.067-0.072 ™ Microcracks

10 1 10 0.496 2%*A Penny shaped (a=90°)

1 1.4 0.7 0.294 1.7*% Non-flat porosity

Different combination of ratios a/c and their respective shape factors F' with final X-
values can be obtained from the Table 4-4. Table 4-5 represents the values of different
parameters that are used in the proposed model corresponding to different pore shapes and their
respective functions that describe the effect of the defect on the thermal conductivity of

coatings. The values for randomly oriented pores are calculated at various angles and their
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respective shape factors are described with these angles. These values are calculated using the

previously described equations for " and X.

Table 4-5 Representation of functions with respective shape factor F and X value.

Function Value of shape factor F Value of X-factor

at 0° 0.30001
at 30° 0.28632

D(f) at 45° 0.25216 1.66
at 60° 0.1638
at 90° 0.3976

Y(f) 0.071429 7

o) 0.2941 1.7

B 0.41665 - 0.24999 1.2-2

The data in Table 4-5 are graphically represented in Figure 4-15. These data points are
used in the five-phase model proposed in this thesis. The results for thermal conductivity values
are obtained using these data points. These points are treated as valid for all the materials that

are being modelled in this work.
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Figure 4-15 Representation of data points for various angles
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S. Verification of the proposed model.

An important step in research is to validate the results. To authenticate the proposed model,
results are obtained from prior models, FEA model and experimental results for comparison to

the proposed five-phase model.

5.1 Microstructure Characterization of TBC

The properties of a thermal barrier coating rely significantly on its microstructure and defects
of all the constituents, including pores, cracks, oxides, impurities and other contaminations. A
better understanding of the coating microstructure allows detailed investigation of the

mechanical properties, electrical/dielectric behaviour, and thermal transport properties.

Quantitative and/or qualitative analysis of microstructural aspects of the TBCs has been
performed in the past using several techniques [139], [157]-[159]. Defect or porosity levels in
the coatings can be calculated using some advanced techniques such as mercury intrusion
porosimetry (MIP) [160], image analysis software i.e. Image J [161], and SANS i.e. small angle
neutron scattering technique [162]. These methods help to evaluate the total porosity in a
coating containing different types of pores, pores of different sizes and distribution, and can
even obtain the orientation of small-scale defects [111], [143], [163]. Of these methods, image
analysis is economical, robust and a more reliable method to characterize the TBC

microstructure [164].

Image J uses the cross-sectional images of the coating to obtain information regarding
the pores, cracks, other defects and their orientation. Commonly used methods to obtain better
quality cross-sectional images are scanning electron microscopy (SEM) [165], and light optical
microscopy (LOM) [166]. The data for the validation process in this thesis are obtained from

the references that used SEM images for image analysis (using Image J) and MIP technique.
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Some of the data are obtained using Image J software. The calculated data is combined with
reference data to validate the results of the five-phase model. Details regarding the image

analysis using Image J and MIP process are discussed in next section.

5.1.1 Fundamentals of image analysis technique

The goal of image analysis is the extraction of meaningful information about the microstructure
of the coatings. Several software packages to analyse the porosity of materials have been
developed and one of the most used is Image J. Over the past thirty years, this software drove
the field of microstructural characterization. The structure of Image J has been kept simple and
user-friendly with modifications to its tools and plug-ins. A core set of principles allowed the

software to become a modern image processing platform.

A brief introduction to the process of image analysis using Image J (National Institute
of Health (NIH), USA) is discussed in this section. To capture the variation in the
microstructure using image analysis techniques, several images are needed along the cross-
section of the microstructure. These digital images are composed of thousands of pixels. These
pixels are tiny dots connected in a sequence to generate an output (image). These images are
converted into binary format using Image J. The magnification of images affects the data.
Therefore, the magnification of images is set to a certain value to obtain global information
regarding coating microstructure. A too-high magnification leads to loss of global data and too
low magnification leads to depletion of small-scale details of the microstructure. Error in the
data is also caused by factors such as brightness, contrast, operating mode and location from

where the image is taken.

Image J can analyse two types of images namely, grey-scale images and binary images.
The software converts digital coloured images into a grayscale image. Image scale is set as per

the magnification of the image. Image threshold is set with respect to the number of pores or
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defects present in the picture. The raw data can be converted into numbers and details about

each pore and crack can be obtained. The basic structure of Image J can be seen in Figure 5-1.

File Edit Image Process Analyze Plugins Window Help

Ojo|c|of <A Al ||| jsu| 4|6 | #] | |»

Freehand selections

Figure 5-1 Representation of the Image J software menu.

The results for porosity can directly be retrieved from the percentage area column. This
software can also provide other details such as total area, average pore size, circularity, solidity,
feret diameter (a measure of an object size along a specified direction) and feret angle. This
analysis of original coatings offers an exact experimental data for our reference. The data
obtained from this process can be used to compare with the results of the model proposed in

this thesis.

(c) (d)

Figure 5-2 Image analysis for TBC: (a) Original SEM image, (b) Binary image, (c) Globular pore image, (d) crack image
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Collection of coating images

Thermal spray coatings are dissected into pieces and each piece is polished on the cross-section
or in-plane surface. The polished pieces are used as samples to obtain high-resolution
microstructure images using SEM. Figure 5-2 represents the image analysis technique
performed on an image of a thermal spray coating of YSZ. The transition from (a) to (b) in

Figure 5-2 is the image thresholding.

5.1.2 Fundamentals of mercury intrusion porosimetry

Qualitative characterization of porosity of TBCs is possible via microstructural observation
and quantitative characterization by Mercury Intrusion Porosimetry (MIP). MIP is an advanced
technique to characterize the distribution of pore sizes. It allows the measurement of total
porosimetry for open pores. It is an indirect method but is quite simple. The information about
the connectivity of pores can be obtained using this method. MIP can measure capillary pores

in the range of 0.005-10um.

Mercury intrusion porosimetry is based on the principle that a non-wetting liquid that
has a contact angle greater than 90°, will only encroach the capillaries under pressure. The

relation between the pressure and capillary diameter is given as [167]

_ —4.y.cos(0)
d

P (5.1)

where P is the pressure, y is the surface tension of the liquid, & is the contact angle between the

mercury and the pore wall and d is the diameter of the capillary.

The requirement of this process is that mercury must be forced into the capillaries under
pressure. A schematic representing the mercury intrusion process is shown in Figure 5-3. The
mercury-filled piston-cylinder apparatus is pushed against the coating surface. The piston is
forced to move in the downward direction so that mercury can penetrate the small capillary
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pores replacing the vacuum. The pore size distribution is established from the volume
encroached at each pressure increment. The total volume of the porosity can be obtained by

simply calculating the total volume of mercury intruded.

The limitations of this process are that in many cases this process is not able to measure
the true distribution of sizes for pore geometry. For instance, for materials having very large
internal pores that are accessible through very narrow throats, MIP interprets the size of the
pores as the diameter of their throats. This error is referred to the “ink bottle” effect. This

method also fails to provide accurate results for pores with radii larger than 80pm.

Mechanically applied force

Gravitational Force
Piston

pushing
mercury
down

Vacuum - Hg

Figure 5-3 Schematic of Mercury Intrusion Process.

The results obtained from these two processes are used in this thesis. The data for the
validation process are obtained from several sources including the results of image analysis.
The combined results of Image J and MIP are used so that a better estimation of porosity

content of small and large cracks that are present in coatings can be obtained.
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5.2 Collected data from various sources and obtained

results.

The results obtained from the proposed model are compared with four-phase model results,
experimental results and FEA results. Data obtained for the four-phase model are presented in.
Table 5-1 describes different types of porosity content present in a coating. The coatings used
are Yttria Partially Stabilized Zirconia (YPSZ), Magnesia-stabilized Zirconia (MSZ), and Ceria
Stabilized Zirconia (CSZ). The composition of these materials is (8YSZ) 8Y203-ZrO»,

(22MSZ) 22MgO-Zr02 and (25 CSZ) 25Ce0,-2.5Y203-Z10x.

A single image of the cross-section is used to calculate the porosity content. It should
be noted that the different images of the same coating (at different layer thickness) may produce

different results for the porosity content.

30
As-sprayed B Annealed

25

Porosity (%)
= & 8

()]

8YPSZ 22MSZ 25CSZ

Coating Materials

Figure 5-4 Porosity level of as-sprayed and annealed coatings of different coatings.
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Table 5-1 Input parameters for four-phase model [153]

Sample Materials 8YPSZ 22MSZ 25CSZ
Bulk Thermal 2.8 2.2 2.8
Conductivity

(W/(m.K))

Overall Porosity (%) 24.9 16.4 18.7
(As sprayed)

Overall Porosity (%) 19.7 15.1 13.9
(Annealed)

Open Randomly 0.9 4.5 3.9
oriented porosity

(As sprayed)

Open Randomly 5.2 10.4 34
Oriented porosity (%)

(Annealed)

Microcracks (%) 9.4 5 6.5
(As sprayed)

Microcracks (%) 2.8 33 7.5
(Annealed)

Non-flat porosity (%) 14.6 9.6 8.3
(As sprayed)

Non -flat porosity (%) 11.7 1.4 5.4

(Annealed)
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The porosity content of three different coating materials is presented in Figure 5-4. The
yellow bars represent the porosity content of as-sprayed coatings and black bars represent the
porosity content of heat-treated (annealed) coatings. A drop in the porosity content can be seen
for the heat-treated coatings. This drop in porosity is due to sintering of the coatings due to

thermal cycling [123].

Further data are collected for different forms of yttria-stabilized zirconia coatings.
Three different forms of coatings are considered and their thermal conductivity modelling and
measurements are performed. The results for porosity content are obtained for as-sprayed and
annealed coatings using Image J. The abbreviations used in Table 5-2 are as follows: F&C
refers to Fused and Crushed, A&S refers to Agglomerated and Sintered and HOSP refers to

plasma densified hollow spheres.

Table 5-2 Calculated porosity for different YSZ samples using Image J.

YSZ Samples Overall Porosity (%) (As- | Overall Porosity (%)
sprayed) (Annealed)

F&C 21.3 16.9

A&S 17.9 16.1

HOSP 19.0 14.4

A graphical representation of three different YSZ coatings is given in Figure 5-5.
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Figure 5-5 Porosity level in three different types of YSZ coatings.

In Figure 5-5, the yellow bars represent the porosity content of as-sprayed coatings and

the black bars represent the porosity content of heat-treated annealed coatings.

The five-phase model for the composite material was used to calculate the thermal
conductivity of various coatings. The data used in the proposed model can be obtained from
Table 5-3. Thermal conductivity of Molybdenum, 8YSZ, 22MSZ, 25CSZ, YSZ- F&C, A&S,
HOSP was calculated using the five-phase model. Porosity content of the coating materials is
presented in Figure 5-6. The overall porosity level is distributed into four different categories;

open randomly oriented pores, microcracks, non-flat porosity and penny-shaped cracks.

*H.T refers to heat treated samples in Table 5-3.
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Table 5-3 Results obtained from the five-phase model for different materials.

Sample

Material

Molybdenum

8YSZ

8YSZ

H.T

22MSZ

22MSZ

H.T

25CSZ

25CSZ

H.T

Bulk
Thermal

conductivity

142

2.8

2.8

2.2

2.2

2.8

2.8

Obtained
Thermal
conductivity
using Five-

phase model

15.76

1.18

1.60

1.14

1.35

1.175

1.93

Total

porosity

50.5

24.55

20.7

18.9

16.8

23.7

13.9

Open
randomly
oriented
porosity

(>100nm)

1.25

5.2

4.5

10.4

3.9

5.1

Microcracks

(<100nm)

13

6.2

2.8

6.5

1.9

Non-flat

porosity

13

14.3

11.7

6.9

1.4

8.3

3.8

Penny

shaped

15.5

2.8

2.5

3.1
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Figure 5-6 Porosity level for different materials for the five-phase model.

The black and yellow bars in Figure 5-6 represent the porosity content for as-sprayed

and annealed coatings respectively.

The results obtained from the five-phase model for thermal conductivity of coatings are

presented in Figure 5-7. Only results for as-sprayed coatings of the three materials are presented

in this figure.

88



1.19

1.18

Thermal conductivity
= o o 3

—_
—_
w

—_
—
\9)

8YSZ 22MSZ 25CSZ

Different Coatings

Figure 5-7 Thermal conductivity obtained using five-phase model.

The thermal conductivity of three different YSZ coatings was obtained using the five-
phase model. The overall porosity and porosity distribution among various contributing factors
are presented in Table 5-4 along with the obtained values of thermal conductivities using the

five-phase model.
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Table 5-4 Calculation of thermal conductivity for different YSZ samples using Five-phase model

Sample

Material

HOSP (As

sprayed)

HOSP

(H.T)

F&C (As

sprayed)

F&C

(H.T)

A&S (As

sprayed)

A&S

(H.T)

Bulk
Thermal

conductivity

2.8

2.8

2.8

2.8

2.8

2.8

Obtained
Thermal
conductivity
using Five-

phase model

1.12

1.36

1.2

1.79

1.33

1.56

Total

porosity

19

14.4

21.3

16.9

17.9

16.1

Open
randomly
oriented
porosity

(>100nm)

3.6

2.2

5.8

4.99

Microcracks

(<100nm)

94

7.2

6.87

4.8

Non-flat

porosity

3.5

3.1

4.7

4.05

7.8

Penny

shaped

2.5

1.2

4.4

1.5
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Figure 5-8 presents the results obtained from the calculation of thermal conductivity of
three YSZ coatings, HOSP, F&C, and A&S. Blue bars represent the thermal conductivity of
as-sprayed coatings and orange bars represent the thermal conductivity of annealed coatings.
The increase in the thermal conductivity is attributed to sintering since small microcracks and
vertical cracks or pores tends to diminish during the thermal cycling due to the expansion of

coating material during heating.

[\S)

B As-sprayed ® Annealed

A&S

HOSP F&C

Thermal conductivity
N e - - - -
\S) BN (@)} 0 —_ [\ EN @) [ee}

(e)

YSZ Coatings

Figure 5-8 Thermal Conductivity of different YSZ coatings obtained from the five-phase model.

Comparison of results obtained from the five-phase model with experimental results is

carried out in Table 5-5. Graphical representation of this comparison can be seen in Figure 5-9.

91



Table 5-5 Comparison of five-phase results with experimental results

Sample Experimental thermal conductivity | Simulated thermal conductivity
using five-phase model
Before H.T After H.T Before H.T After H.T
8YSZ 1.2 1.62 1.18 1.60
22MSZ 1.1 4.37 1.14 1.35
25CSZ 1.19 2.05 1.175 1.93
Molybdenum 14.2-15.8 N/A 15.76 N/A

In Figure 5-9, blue bars represent the thermal conductivity obtained from the five-phase

model for composite materials while the orange bars represent the values obtained from

experimental results. The value obtained from the experimental data in the case of 22MSZ

(annealed) coating is much higher than the 22MSZ (as-sprayed). The bulk thermal conductivity

of 22MSZ is 2.2 W/(m.K). The value obtained for heat-treated 22MSZ is near 4 W/(m.K),

which is higher than the bulk thermal conductivity. Given the outlier nature of this point, it was

assumed that this value was a transcription error.
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Figure 5-9 Comparison of thermal conductivity obtained from a five-phase model with experimental results.

Similar to the previous comparison, another comparison is performed between the
results obtained from the four-phase model and five-phase model (Table 5-6). This comparison
provides a better understanding of the results obtained since the five-phase model depicts the

results better than the four phase-model.

Table 5-6 Comparison of five-phase model to four-phase model experiment

Sample Thermal conductivity obtained from | Thermal conductivity obtained from
four-phase model five-phase model
Before H.T After H.T Before H.T After H.T
8YSZ 1.0 1.68 1.18 1.60
22MSZ 1.2 1.37 1.14 1.35
25CSZ 1.13 1.68 1.175 1.93
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In Table 5-7, the percentage difference between the results obtained from the five-phase
model and four-phase model is calculated. Negative sign represents a percentage decrease in

the values obtained using the five-phase model with respect to the four-phase model.

Table 5-7 Difference between results from the five-phase model and four-phase model.

Sample Difference between five-phase model and four-phase model
8YSZ (As-sprayed) 15.25%

8YSZ (Annealed) -5%

22MSZ (As-sprayed) -5.2%

22MSZ (Annealed) -1.48%

25CSZ (As-sprayed) 3.8%

25CSZ (Annealed) 12.95%

In Table 5-8, the difference between the thermal conductivity values obtained from
experimental results and results from the five-phase model is calculated and presented in the
second column. These results are compared with the difference between experimental thermal
conductivity values and results from the four-phase model, which are presented in the third
column. It can clearly be seen from Table 5-8 that the results obtained from the five-phase

model are closer to the experimental values than those obtained from the four-phase model.
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Table 5-8 Thermal conductivity difference between experimental results and different models.

Sample Thermal conductivity difference | Thermal conductivity difference
between experimental values and | between experimental results
five-phase model model and four-phase model

8YSZ (As- -1.66% -16.7%

sprayed)

8YSZ (Annealed) -1.23% 3.7%

22MSZ (As- 3.6% 9.1%

sprayed)

22MSZ -69% -68.6%

(Annealed)

25CSZ (As- -1.26% -5%

sprayed)

25CSZ (Annealed) -5.85% -18%

Molybdenum (As- -0.25% with maximum N/A

sprayed) experimental value

In Table 5-8, the percentage change in the difference obtained from experimental results
and modelled results are presented. The negative sign represents the results that are below the
experimental results. In most of the cases, the values obtained from the five-phase modelling
are closer to the experimental values, neglecting the outliner results of 22MSZ. The results

obtained using the proposed five-phase model are within 6% of experiment results.
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The thermal conductivity comparison between the four-phase model and five-phase
model is presented graphically in Figure 5-10. The five-phase model values are represented by
blue bars and the four-phase model values are represented by grey bars. A separate comparison

was performed in order to have a better understanding of different values.

2.5

m Five-phase model ® Four-phase model

8YSZ (As- 8YSZ 22MSZ (As-  22MSZ  25CSZ (As-  25CSZ
sprayed)  (Annealed) sprayed) (Annealed) sprayed) (Annealed)

p—
(9]

Thermal conductivity

0.

W

()

Different materials

Figure 5-10 Comparison of thermal conductivity obtained from a five-phase model with four-phase model results.

Figure 5-11 provides an overall comparison of 8YSZ, 22MSZ and 25CSZ for the three

different methods to measure thermal conductivity. The comparison is performed between the
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results obtained from the three methods namely, the five-phase model, the four-phase model

and experimental results.
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Figure 5-11 Comparison of five-phase model with four-phase model and experiment results.

In Table 5-9, thermal conductivity values obtained from three different YSZ coating
materials are presented. These values were obtained from experimental results, FEA results

and from the five-phase modelling. A comparison was performed between the values obtained

from these three processes.

The comparison was performed for as-sprayed coatings and for annealed coatings. The

results from experiment and FEA are presented as a range of values.
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Table 5-9 Comparison of five-phase model with experimental and FEA results for three YSZ samples

Samples Experimental Five-phase = Model | Thermal
Thermal Thermal conductivity
Conductivity Conductivity obtained from FEA
(W/(m.K)) (W/(m.K)) (W/(m.K))
HOSP (As-sprayed) 1.10£(0.09) 1.12 1.32+(0.13)
HOSP (Annealed) 1.30+(0.1) 1.36 1.42+(0.14)
F&C (As-sprayed) 1.23+(0.1) 1.2 1.56+(0.16)
F&C (Annealed) 1.85%(0.15) 1.79 1.78+(0.18)
A&S (As-sprayed) 1.12+(0.09) 1.33 1.75+(0.18)
A&S (Annealed) 1.43%(0.11) 1.56 1.77+(0.18)

Figure 5-12 and Table 5-9 provides an overall comparison of the three different YSZ

coatings, HOSP, F&C, A&S. In Figure 5-12, the orange bars represent the experimental results,

the blue bars represent the values obtained from the five-phase model and the green bars

represent the values obtained from FEA model. In Figure 5-12, the values obtained from Table

5-9 are plotted to make the observations between these three techniques of calculating thermal

conductivity. The FEA results are obtained from the work of Y.Tan [103], [168]

The values in Table 5-10 shows the closeness of the values from the five-phase model

to the experimental and FEA results. The negative percentage change represents values that are

lower than the experimental and/or FEA results. It is concluded that the five-phase model

predicts the thermal conductivity better than the FEA model.
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Table 5-10 Difference between experimental and five-phase model results, and the difference between FEA and five-phase

model results.

Samples obtained

different YSZ coatings

for

Difference between thermal
conductivity values from

experimental and five-phase

Difference between thermal
conductivity values from

FEA and five-phase model

model
HOSP (As-sprayed) 1.2% -15.5%
HOSP (Annealed) 4.6% -4.2%
F&C (As-sprayed) -2.4% -23%
F&C (Annealed) -3.24% 0.5%
A&S (As-sprayed) 18.7% -24%
A&S (Annealed) 9% -11.8%
2 B Experimental B Five-phase model B FEA
1.8
2
o 14
312
g
o 1
&
= 0.8
£ 0.6
0]
=
= 0.4
0.2
0
HOSP (As-  HOSP F&C (As- A&S (As- A&S
sprayed) (Annealed) sprayed) (Annealed) sprayed) (Annealed)
Different YSZ coatings

Figure 5-12 Comparison of five-phase model results with experimental and FEA results.
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5.3 Results and Discussion

A five-phase model to predict thermal conductivity of thermal barrier coatings was developed
in this thesis and validated against the results from the four-phase model, FEA model and
experimental results. The presented model takes into consideration the different types of pores
that are mostly present in a topcoat. The parameters used in the model were obtained from
previous models and fitting parameters. The results obtained with the new proposed model

were then validated against the reference data.

By comparing the predicted values with experimental results, it was shown that the
proposed five-phase model can predict the thermal conductivity of ceramic coatings closer to
the actual values. The proposed model uses real microstructure images and MIP results to
obtain porosity content in the coatings to better predict the thermal conductivity. The proposed

model has the potential to predict microstructure-property relationships.

The presence of different types of pores and cracks influences the overall thermal
conductivity of the coatings. Microcracks present in the coating’s microstructure influence the
thermal conductivity. The density of microcracks is affected by heat treatment due to the
expansion of the coating material. Smaller cracks disappear in the coating due to sintering and
lead to lower porosity content, which ultimately leads to an increase in thermal conductivity.

This was observed in all the cases presented in this thesis.

For sample coatings of molybdenum, 8YPSZ, 22MSZ, and 25CSZ, the thermal
conductivity was predicted based on the porosity content present in the coatings. The five-
phase model can predict the values of thermal conductivity within 6% of the experimental
results. There is one exceptional case for 22MSZ, where the experimental result was much
higher than the simulated value. The comparison of five-phase model results was performed

with four-phase model and it was seen that value for 22MSZ for both the four-phase and five-
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phase model simulations was less than the experimental result. It is possible that a faulty data
source that led to an error in the experimental results. The reference data for 22MSZ was thus

treated as an outlier and was neglected for a valid comparison.

In the comparison of results obtained from the four-phase model, five-phase model, and
experimental data, the five-phase model predicts the values better than the four-phase model.
The five-phase model predicts the value of thermal conductivity to be closer to the

experimentally obtained value.

Three different YSZ coatings were modelled to predict their thermal conductivity using
the five-phase model. These coatings are F&C, A&S and HOSP. The overall porosity level in
these coatings was calculated using image analysis software i.e. Image J. Image J is the most
trusted software to analyse the coatings microstructure using high-quality SEM images of

coating microstructure.

The results obtained from the five-phase model were in accordance with experimental
results. The obtained results obtained were better than those predicted by the FEA model by
Y.Tan [168]. The results obtained in this thesis were validated using experimental results and
the difference in predicted value and experimental results were found to be within an acceptable

Crror range.

The five-phase model based on the porosity level in the thermal barrier coating was
successfully implemented to predict the thermal conductivity of coatings. The proposed model
predicts thermal conductivity values close to experimentally obtained values. The results
obtained with the five-phase model are more accurate than those of the previous models (FEA

and four-phase model).
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The modelling approach developed in this thesis could be used as a powerful tool to
model and measure the thermal conductivity of coatings and to design new coatings with an

optimized microstructure to enhance the performance of TBCs.
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5.4 Limitations

It was found that the five-phase model can predict the thermal conductivity better than the four-

phase model and FEA models for the coatings under consideration. However, there can be

certain limitations to the five-phase model. Some of these limitations are discussed in this

section.

The assumption of a non-radiating pore may not hold for all the temperatures. However,
the temperature range at which the TBC is required has a very little impact on heat
transfer by radiation.

The proposed model considers the effect of defects that are independent and are
dispersed within the matrix. It is assumed that the defects do not interfere with
neighbouring defects.

The effect of interconnected porosity is not truly considered in the five-phase model.
The model is developed based on a linear relationship between the thermal conductivity
and porosity. Any non-linearity in this relationship will lead to changes in the results
obtained using the five-phase model.

There can be a certain amount of error while calculating the porosity content of the

coatings. This error can be due to software limitations or human errors.
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6.Conclusion

The Five-phase model to predict the thermal conductivity of the ceramic coatings was
developed and validated. The five-phase model can predict the thermal conductivity of thermal
barrier coatings using the microstructural details obtained from SEM images. Comparison of
the predicted values with the experimental values was performed and it was concluded that this
model can be used as an important tool to predict and derive the thermal conductivity of

ceramic coatings within an acceptable error range.

The five-phase model uses the microstructural details of the coating obtained from the
image analysis using Image J and MIP to derive the thermal conductivity. Images of the
microstructure can be obtained using SEM, TEM or LOM. Most of the details of the
microstructure were included in this model. Image analysis helps to better understand the

coating microstructure.

There are various types of defects that are present in the coating microstructure that
leads to a decrease in the thermal conductivity of a coating. There are four specific types of
defects that are included in this model. These defects are open randomly oriented pores,
microcracks, penny-shaped cracks and non-flat porosity. Different types of defects have
different effects on the thermal conductivity. The effect of different defects is calculated in this

thesis.

Porous TBCs can significantly improve the thermal conductivity. The results obtained
from the proposed five-phase are within a 6% error for the various coatings under consideration
with some exceptions. These results are within the error range of experimental values.

Therefore, new coating structures could be designed or modelled using the five-phase model.
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A change in thermal conductivity values with thermal cycling was observed. This
change is attributed to the sintering of the coatings. Thermal conductivity values obtained from
the five-phase model are better than those obtained with the four-phase model. The proposed
five-phase model can also predict the thermal conductivity value better than the FEA model

under consideration.

The proposed five-phase model was developed for a certain type of coatings but with
the results obtained from several different types of coating, it is concluded that the proposed
model can be used to calculate thermal conductivity of most of the thermal barrier coatings

using their microstructural details.

Thus, it can be concluded that the modelling approach developed in this thesis can be a
powerful and effective tool to design and predict thermal conductivity. The optimized
microstructure can be developed with the proposed model using several iterations and by
changing the parameters each time. The optimized microstructure can significantly improve

the performance and efficiency of the TBCs.
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6.1 Future Work

The proposed model can be used to model and predict the thermal conductivity of thermal
barrier coatings by using microstructural details. However, there are still some areas which can

be improved.

e First, the effect of radiating pores can be considered to fully optimize the five-phase
model.

e The number of types of defects included in this thesis was four. This number can be
increased to 5 or 6 types of defects. With the increase in the number of defects, the
formula to calculate the thermal conductivity will become complex and may lose its
significance. The number of the equation will increase from 24 to 120 with the addition
of just one more type of defect.

e Microstructural details can be obtained using more advanced techniques to remove any

error in calculating thermal conductivity based on porosity.
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Appendix

This section includes the MATLAB codes and details of Image J used during the thesis work.

The code used to calculate the thermal conductivity using the five-phase is given below.

MATLAB Code for thesis
% f p6=14/(1-13);
f1=0.058; p7=pl;
2=0.02; p8=13/(1-(f2+{4));
£3=0.047; p9=12/(1-14);
f4=0.044; pl0=pl;

pl1=pg;
% X p12=t4/(1-12);
X1=1.66; pl3=pl;
X2=T7, pl14=t4/(1-(f2+£3));
X3=1.7; p15=f2/(1-13);
X4=2; plé=pl;

pl7=pl4;
% p p18=f3/(1-12);
p1=f1/(1-(f2+{4+13));
p2=12/(1-(f3+f4)); %r
p3=13/(1-14); r1=2/(1-(f1+3+f4));
p4=pl; r2=f1/(1-(f3+14));
p3=p2; r3=13/(1-14);
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r4=rl;

r5=r2;
r6=f4/(1-13);
r7=rl;
r8=13/(1-(f1+£4));
r9=f1/(1-14);
r10=rl;

r11=r8;
r12=t4/(1-f1);,
r13=rl;
r14=t4/(1-(f1+13));
r15=f1/(1-13),
rl6=rl;

r17=rl4;

r18=f3/(1-f1);,

s1=f3/(1-(f1+£2+f4));
s2=f1/(1-(f2+{4));
s3=12/(1-f4);

s4=s1;

s5=s2;

s6=f4/(1-13);

s7=s1;
s8=12/(1-(f1+14));

s9=F1/(1-f4);

s10=s1;

s11=s8;
s12=f4/(1-f1);
s13=sl;
s14=f4/(1-(f1+12));
s15=f1/(1-12);
sl16=sl;

s17=s14;

s18=12/(1-f1);

t1=f4/(1-(f1+12+13));
t2=f1/(1-(3+12));
t3=13/(1-12);
t4=t1;

t5=t2;

t6=12/(1-13);
t7=tl;
t8=13/(1-(f1+12));
t9=f1/(1-12);
t10=t1;

t11=t8;
t12=f2/(1-f1);
t13=tl;
t14=£2/(1-(f1+1£3));

t15=f1/(1-f3);
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t16=t1; t18=f3/(1-f1);

t17=t14;

A=((((A-p1)*XD*((1-p2)"X2)*((1-p3)"X3)*((1-f) " XD)+((1-pH " XT)*((1-p5)"X2)*((1-

p6)"X4)*((1-£3)*X3)+(((1-p7)"X1)*((1-p8)"X3)*((1-p9)"X2)*((1-14)"X4))+(((1-
p10)*XT)*((1-p11)"X3)*((1-p12)*X4)*((1-£2)"X2))+(((1-p13)* XD *((1-p14)*X4)*((1-

p15)"X2)*((1-f3)"X3)H((1-p16)"X1)*((1-p17)"X4)*((1-p18)"X3)*((1-£2)*X2)));

B=((((1-r1)"X2)*((1-r2) X 1)*((1-r3)"X3)*((1-£4) X4) ) +(((1-r4)"X2)*((1-r5) X 1)*((1-
1) X4)*((1-F3) X3))+(((1-r7) X2)*((1-r8) X3 )*((1-r9) X 1)*((1-f4) X)) +(((1-
r10YNX2)*((1-r1 1YAX3)*((1-r12)"X4)*((1-F1) X 1)H((1-r13)"X2)*((1-r14) X4)*((1-

1S X D*((1-B3)AX3))+((1-r16) X2)*((1-r1 7Y X4)*((1-r18) X3)*((1-f1 "X 1)));

C=((((1-s1)"X3)*((1-s2) "X 1)*((1-s3)"X2)*((1-f4) X4))+(((1-s4)"X3)*((1-s5) "X 1)*((1-
S6) X4)*((1-£2) X2))+(((1-57) X3)*((1-s8) X2)*((1-89) X 1 )*((1-f4)Y"X4))+(((1-
s10)"X3)*((1-s11)AX2)*((1-s12)"X4)*(1-F1) X 1)+(((1-s13)"X3)*((1-s14) X4)*((1-

STSYAXT)*((1-£2) X 2))+H((1-816) X3)*((1-s17) " X4)*((1-s18) X2)*((1-F1)*X1)));

D=((((1-t1)"X4)*((1-2) "X 1)*((1-t3)"X3)*((1-£2) X2))+(((1-t4)"X4)*((1-t5) "X 1)*((1-
£6) X 2)*((1-£3)"X3))+H(((1-t7)"X4)*((1-t8)"X3)*((1-19) X 1)*((1-£2)"X2))+(((1-
£10) X4)*((1-t1 1YX3)*((1-t12)"X2)*((1-F1) X 1)) +H(((1-t13) X4)*((1-t14) X2)*((1-

15X )*((1-£3)"X3))+(((1-t16) X4)*((1-t17) X 2)*((1-t18) X3)*((1-f1) X 1)));

ko

k =—(A+B+C+D)
24
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The fi to f4 can vary according to the content of different types of defects present in the

coating.

Weblink for Image J

Details regarding the Image J software can be obtained from the National Institutes of Health
(NIH) website. The link is provided below. All rights are reserved by NIH, USA. This software

is open-source software which can be freely used and modified.

https://imagej.nih.gov/ij//
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