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Populärvetenskaplig Sammanfattning
Nyckelord: Erosionsbeständighet; Gadolinium Zirkoniumoxid; Plasmasprutning,
Suspension;
Termisk
Utmattning;
Värmebarriärbeläggningar;
Värmeledningsförmåga; Yttriumstabiliserad Zirkoniumdioxid
Yttriumoxidstabiliserad zirkoniumdioxid (YSZ) är det material som används
industriellt idag som värmeisolerande keramisk beläggning i gasturbiner. En
önskan att uppnå en högre verkningsgrad i gasturbinen gör att YSZ behöver
ersättas med ett nytt material eftersom en högre verkningsgrad förutsätter en
högre förbränningstemperatur. Över 1200 °C, har YSZ begränsningar som dålig
fasstabilitet, hög sintringshastighet och en känslighet för silikater s.k. CMAS
(calcium magnesium aluminiumoxidsilikat) som kan bildas från vulkanaska,
ökensand eller sot. Bland flertalet föreslagna ersättningsmaterial till YSZ är
gadolinium-zirkoniumoxid (GZ) ett intressant alternativ eftersom detta material
har visat sig ha flera attraktiva egenskaper inklusive en ökad resistens mot CMAS.
Dock har GZ en dålig kompatibilitet med en oxid som bildas under gasturbinens
drift varför en flerskiktsbeläggning bestående av både GZ och YSZ är intressant.
Detta arbete presenterar ett nytt tillvägagångssätt för deponering av flera lager
(dubbel och trippelskiktad) GZ/YSZ TBC med användning av den nyligen
utvecklade suspensionsplasmasprutningsprocessen (SPS). SPS användes i detta
arbete på grund av dess förmåga att efterlikna EB-PVD deponering när det gäller
möjligheten att producera kolumnära mikrostrukturer. Enkelskikts YSZ baserade
TBC deponerades också med hjälpa av SPS och användes som referens för att
jämföra funktionella prestanda hos flerskikts GZ-baserade beläggningar.
Det primära syftet med studien var att jämföra värmeledningsförmåga och
termisk utmattningslivslängd av GZ/YSZ flerskiktbeläggningar med YSZ
beläggningar. Värmeledningsförmågan jämfördes i temperaturintervallet 25 till
1190 °C och resultaten visade att flerskiktbeläggningarna (GZ/YSZ) hade en
önskvärt lägre värmeledningsförmåga. Även utmattningslivslängden var bättre
hos GZ/YSZ flerskiktbeläggningarna vid alla testtemperaturer. Fraktografianalys
av havererade GZ/SZ beläggningar avslöjade sprickor inom GZ-beläggningen i
gränszonen mellan GZ och YSZ. Anledningen ansågs vara GZs sämre
brottseghet. För att förbättra brottsegheten i det aktuella området utvärderades
flerskiktbeläggningar bestående av GZ och YSZ. Det visade sig att de
sammansatta GZ och YSZ beläggningarna inte förbättrade den termiska cykliska
livslängden, även om förbättring av brottsegheten observerades. Även YSZ
skikttjockleken varierades för att utvärdera dess betydelse på
utmattningslivslängden. Det visade sig att en ökning av tjockleken av YSZ
beläggningen i GZ/YSZ ledde till en försämrad livslängd. Det andra syftet var att
v

undersöka och jämföra erosionsbeständigheten hos flerskikts GZ-baserade
beläggningar med enkelskikts YSZ beläggningar. Erosionstest utförda vid
rumstemperatur visade att GZ-baserade beläggningar hade en lägre
erosionsbeständighet jämfört med enkelskiktsbeläggningar av YSZ. Huvudskälet
till denna skillnad berodde på GZ lägre brottseghet. Sammansatta
flerskiktsbeläggningar av GZ + YSZ påvisade en högre erosionsresistens jämfört
med den flerskikts GZ-baserade beläggningar.
Arbetet visar att SPS är en lovande metod för att skapa denna typ av beläggningar.
Arbetet visar också att GZ/YSZ flerskiktsbeläggningar är intressanta alternativ i
högtemperaturapplikationer i gasturbiner på grund av deras låga
värmeledningsförmåga och höga termiska utmattningslivslängd. Låg
erosionsbeständighet kan dock vara ett problem för GZ-baserade TBC i vissa
applikationer.
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Abstract
Title: Functional Performance of Gadolinium Zirconate/Yttria Stabilized
Zirconia Multi-Layered Thermal Barrier Coatings
Keywords: Composite; Erosion; Gadolinium Zirconate; Suspension Plasma Spray;
Thermal Barrier Coatings; Thermal Cyclic Test; Thermal Conductivity; Yttria
Stabilized Zirconia.
Yttria stabilized zirconia (YSZ) is the state-of-the-art ceramic top coat material
used for thermal barrier coating (TBC) applications. Demand for higher efficiency
in gas turbine engines has led to a continuous increase in the gas inlet temperature.
However, this increase in temperature has pushed YSZ to its upper limit. Above
1200 °C, issues such as poor phase stability, high sintering rate, and susceptibility
to CMAS (Calcium Magnesium Alumino Silicates) degradation limit the durability
of YSZ based TBCs. Among the new top coat materials suggested for high
temperature TBC applications, gadolinium zirconate (GZ) is an interesting
alternative to YSZ since it has shown attractive properties which include a better
resistance to CMAS attack. However, GZ has poor thermo-chemical
compatibility with the thermally grown oxide (alumina), leading to poor thermal
cyclic fatigue performance of single layered GZ TBCs. Therefore, a multi-layered
GZ/YSZ based TBC design seems promising.
This work presents a new approach of depositing multi-layered (double and triple
layered) GZ/YSZ TBCs using the recently developed suspension plasma spray
(SPS) process. SPS was employed in this work because of its capability to mimic
the electron beam physical vapour deposition (EB-PVD) process in terms of
producing columnar microstructured TBCs. Single layer YSZ TBCs were also
deposited by SPS process and used as a reference for comparing the functional
performance of multi-layered GZ based TBCs.
The primary aim of this work was to improve the durability of GZ based multilayered TBCs at high temperatures. Durability tests were performed in the
temperature range 1100 °C - 1400 °C under different thermal cyclic test
conditions (with and without thermal gradient). The results indicate that multilayered GZ based TBCs improve durability compared to the single layer YSZ
TBCs at all the test temperatures. Failure analysis of the multi-layered GZ/YSZ
TBCs revealed spallation within the GZ layer close to GZ/YSZ interface and the
reason was believed to be the inferior fracture toughness of GZ. In order to
improve the fracture toughness in the region of failure, a composite approach
comprising multi-layered GZ+YSZ based TBC was considered. It was shown that
the composite GZ+YSZ based TBCs did not improve the thermal cyclic lifetime,
although improvement in fracture toughness was observed. As a further extension
vii

of this work, the influence of YSZ layer thickness on the durability of GZ/YSZ
TBCs was investigated. It was shown that an increase in YSZ layer thickness in
the GZ/YSZ TBC led to poor durability. Additionally, the other important
performance criteria for TBCs, i.e. thermal conductivity, was measured
experimentally and compared with the single layer YSZ TBC. It was shown that
the GZ based TBCs had lower thermal conductivity than YSZ.
The second aim was to investigate and compare the erosion performance of
multi-layered GZ based TBCs and single layered YSZ TBCs. In the erosion test
conducted at room temperature, the GZ based TBCs showed lower erosion
resistance compared to the single layer YSZ TBC. The main reason for this
difference was attributed to the inferior fracture toughness of GZ. In case of the
composite multi-layered GZ+YSZ based TBC, an improvement in erosion
resistance was observed compared to the multi-layered GZ based TBC.
Based on the results obtained, this work has demonstrated that SPS is a promising
processing technique to produce columnar microstructured TBCs irrespective of
the composition (GZ, YSZ, GZ+YSZ). It was also shown that GZ/YSZ multilayered TBCs are promising for high temperature TBC applications due to their
low thermal conductivity and high thermal cyclic fatigue lifetime. However, low
erosion resistance for certain applications might be an issue for the GZ based
TBCs.
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1 Introduction
In this section, a brief outline of the thesis is presented which includes the current
state-of-the-art materials and processes, challenges, overall objective, research
questions along with the limitations of this work.

1.1 Thesis Outline
The thesis is divided into nine parts and the topics covered in each chapter are
briefly described below.
Chapter 1 discusses the current challenges faced by the gas turbine industry, which
includes the material property requirements and desirable TBC deposition
process capabilities. The overall objectives and research questions formulated in
this work to address the current challenges are presented. Additionally, the
limitations of this work are discussed.
Chapter 2 presents a detailed background of the basics of thermal barrier coatings
(TBCs), their desired characteristics and the processing routes popularly adopted
to produce them. The state-of-the-art top coat material used for TBCs and its
drawbacks, along with the potential alternative ceramic materials which can
replace it, are discussed.
Chapter 3 presents the different high temperature (>1200 °C) challenges
encountered by TBCs. Although CMAS (Calcium Magnesium Alumino Silicates)
degradation of TBCs and sintering of TBCs have not been studied in this research,
they too are briefly presented in the chapter for the sake of completeness.
Chapter 4 describes characterization techniques used in this study, such as
thermo-mechanical tests, thermo-physical tests and erosion test, to evaluate the
durability and performance of TBCs.
Chapter 5 discusses the concept of multi-layered TBCs for high temperature
applications. The TBC architectures investigated so far in the literature, and the
new TBC architecture proposed in this work which was aimed at improving the
durability and performance at high temperatures, are presented.
Chapter 6 presents the results obtained in this work. These results present answers
to the various research questions that were sought to be addressed in this thesis.
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Chapter 7 presents the summary of each appended paper included in this work
and Chapter 8 presents the conclusions which can be drawn from this work.
Chapter 9 discusses the future work planned, including strategies to further
improve the durability and performance of TBCs at high temperatures.

1.2 Suspension Plasma Sprayed Gadolinium
Zirconate (GZ): A Promising Candidate for High
Temperature TBCs
Yttria stabilized zirconia (YSZ) is the standard ceramic material used as a top coat
for TBC applications due to its low thermal conductivity, phase stability in the
working temperature range of 25 to 1200 °C, high coefficient of thermal
expansion (CTE) and high fracture toughness. The gas turbine industry has been
evolving every year, with a continuous ambition to achieve higher engine
efficiency. The efficiency of a gas turbine engine can be increased by increasing
the gas inlet temperature [1-3]. However, above 1200 °C, the current state-of-theart material (YSZ) is susceptible to CMAS attack, high sintering rate and phase
transformation, thereby limiting its use [4-10]. Hence, there is a need to find an
alternative ceramic material which has the capability to overcome the limitations
of YSZ without compromising the other important properties, such as low
thermal conductvity, high coefficient of thermal expansion and high fracture
toughness.
New ceramic materials such as pyrochlores, perovskites, hexaaluminates, and
defect clusters have been proposed as alternatives to YSZ for high temperature
applications [11-16]. Improvement in performance (lower thermal conductivity)
and durability compared to YSZ has been reported using the perovskites,
pyrochlores and garnets based TBCs [17-19]. Among the new ceramic materials,
pyrochlores of rare earth zirconates (especially gadolinium zirconate) have shown
to be promising candidates for high temperature TBC applications, considering
their attractive material properties such as the low thermal conductivity and high
thermal expansion coefficient (CTE) [11], See Figure 1. Gadolinium zirconate
(GZ) has also shown to be more resistant to CMAS attack compared to YSZ [2022]. On the other hand, lanthanum zirconate (LZ) based pyrochlores have shown
to be difficult to process via the plasma route due to their tendency to lose
stoichiometry [13, 23-24]. Therefore, GZ seems to be one of the most promising
materials for high temperature TBC applications. Further details regarding the
material properties of GZ such as phase stability, sintering resistance, thermal
conductivity, CMAS attack resistance, erosion resistance etc. are presented in
Chapter 3.
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Figure 1: Bulk thermal conductivity and thermal expansion coefficient of TBC
materials (Reproduced from Vassen et al. [11])

Atmospheric Plasma Spray (APS) is a mature technology for the production of
TBCs and is widely used by the gas turbine industry. It offers several benefits such
as high deposition rates and significantly lower production cost compared to
Electron Beam Physical Vapor Depositon (EB-PVD) process. However, with the
APS process, it is very difficult to deposit fine powders, i.e., with particle size less
than 10 μm in diameter [25-26]. One reason for interest in using fine powders is
that it has been shown to improve sintering resistance [26] as well as the thermal
shock resistance of TBCs [27-30]. Suspension Plasma Spray (SPS), which is a
modification of the APS process, makes it possible to spray finer feedstocks, i.e.
nano or sub-micron sized particles and produce columnar microstructured TBCs
[31-32]. Therefore, SPS was selected as the TBC processing technique in this
work.

1.3

Overall Objective

The overall objective of this research work was to utilise the SPS technique to
produce a coating system that has a better durability and performance at high
temperatures (> 1200 °C) than the state-of-the-art coating material (YSZ) that is
used in the gas-turbine industry. The following properties were considered in the
evaluation of functional performance and durability:
i.
ii.
iii.

Thermal conductivity
Erosion resistance
Thermal cyclic fatigue life
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1.4

Research Questions

The objective of the work was achieved by finding answers to the research
question:
How can a multi-layered design be utilized for improving the durability
and performance of GZ based TBCs deposited by SPS?
The above research question was further divided into the following sub-research
questions:
i.
ii.

iii.

iv.

1.5

What type of GZ microstructures can be produced by SPS process? How
can a GZ based multi-layered TBC be designed using different GZ
microstructures?
What is the failure mechanism in GZ based multi-layered TBCs when
subjected to thermal cyclic exposure at high temperatures? How can the
thermal cyclic lifetime of the GZ based TBCs be improved by multilayered approach? What is the influence of YSZ layer thickness on the
durability of GZ/YSZ TBCs?
What are the thermo physical properties (thermal diffusivity, specific heat
capacity and thermal conductivity) of GZ based TBCs and single layer
YSZ TBC processed by SPS? How does a multi-layered TBC approach
affect the thermo physical properties?
How does a multi-layered TBC approach affect the erosion performance
of the proposed TBC system? How can the erosion resistance of the TBC
system be improved?

Limitations

The methodology used in this work is entirely experimental. There are certain
limitations which need to be considered while generalizing the results from this
work to other coating materials, spray processes etc. The limitations are:
i.

Coating and substrate material

In this work, approximately 300 µm thick TBCs of 8YSZ were deposited by the
SPS process to enable a comparison of the functional performance with SPS
deposited GZ based multi-layered TBCs of the same thickness. Thickness of the
TBC has been shown to strongly influence coating performance. For instance,
higher TBC thickness with similar microstructure and porosity content would lead
to higher temperature reduction across the TBC. It should also be noted that there
are different zirconia based top coat materials for TBC applications where the
stabilizer composition and content differs from the one used in this study.
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Additionally, the purity of the ceramic used for deposition differs in various
applications. All these factors may influence the coatings functional performance.
Two different Ni based superalloy substrate materials, namely Hastelloy-X and
Inconel-738, were used in this work. The thermal cyclic fatigue life and burner rig
tests results are dependent on the choice of substrate material, bond coat material
as well as the substrate and bond coat material combination. Two different bond
coat chemistries comprising of CoNiCrAlY and NiCoCrAlY compositions were
used for this study. Additionally, two different powder size distributions were
used for the NiCoCrAlY bond coat. Hence, the absolute values of the thermal
cyclic lifetime test results obtained in this study should not be generalized to other
substrate and bond coat combinations.
ii.

Spray process

Throughout this study, the process employed for depositing the metallic bond
coat was High Velocity Air Fuel (HVAF) spraying. A different process used to
deposit the bond coat will have an influence on the TBC durability. For the top
coat deposition, suspension plasma spray process was employed. It should be
noted that a different spray process will yield a different coating microstructure
which most presumably would lead to a difference in the functional performance
of the TBCs. Therefore, it is advisable that the durability results (absolute values)
obtained in this study should not be generalized to TBCs deposited by other spray
processes.
iii.

Coating characterization

In this study, the porosity measurements of the as-sprayed TBCs were made using
water intrusion method and image analysis method. Image analysis technique for
lower magnification (≤300 X) SEM micrographs does not take into account the
contribution due to fine scale porosity (<1-2 µm), and, at higher magnifications
(≥3000X), the porosity contribution due to the column gaps are difficult to take
into account. The standard (ISO 18574:2003(E)) used for measuring porosity by
water intrusion method states that, for coatings with fine scale porosity, the
porosity estimates may not be accurate. Both the porosity measurement methods
used in this work have limitations. Hence, there is an uncertainty in the porosity
estimation which will influence the thermal conductivity results. Additionally,
there is an uncertainty in the thermal diffusivity measurements made using laser
flash analysis (LFA) at temperatures above 1000 °C, where the TBCs showed an
increase in thermal diffusivity due to the transparent nature of YSZ to the
wavelength of the laser. The thermal diffusivity results above 1000 °C are thus
not reliable.
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2 Background
2.1 Thermal Barrier Coatings
Thermal barrier coatings (TBCs) are used in the hot sections of gas turbine
engines in order to insulate the underlying metallic components from being
exposed to high temperatures. The metallic components of a gas turbine aeroengine which need thermal insulation include turbine blades, vanes, combustors,
and the afterburners. A typical cross section of an aero gas turbine engine is
shown in Figure2.

Figure 2: Schematic of an RM-12 aero engine (Courtesy: GKN Aerospace Systems)

A typical TBC is a multi-layered coating system, where the most common design
is shown in Figure 3, where each layer has a specific function to perform. The
role of each layer is described in the section below.

Figure 3: Schematic of a thermal barrier coating system comprising of different layers
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2.1.1 Substrate
The base material, i.e., the surface to be protected from heat, is commonly
referred to as the ‘substrate’. Nickel-based super-alloys are the most widely used
materials for high temperature components in gas turbines. Different nickel based
super alloys are currently used in the gas turbine industry with trade names such
as Hastelloy, Inconel, Haynes etc., which possess different material properties
(such as. CTE) that can potentially influence TBC durability [33-34].

2.1.2 Bond Coat
The first coating layer applied on the substrate is a metallic coating which usually
is referred to as the ‘bond coat’. The primary role of the bond coat is to limit
oxidation of the substrate material during TBC operation and, thus, to increase
the durability of the TBC. The other role of bond coat is to enhance the bonding
between the substrate and the ceramic top coat.
Commercially, there are two different types of bond coats, namely diffusion
(platinum aluminides) and overlay (MCrAlX) coatings, used for TBC applications.
In the MCrAlX bond coat compositions, M stands for nickel or cobalt or even a
combination of both the elements whereas Cr and Al represent chromium and
aluminium, respectively. X stands for oxygen active elements such as Y, Si, Ta
and Hf [35]. The bond coat, especially MCrAlY, is usually deposited by a thermal
spray process.

2.1.3 Thermally Grown Oxide (TGO)
The layer above the metallic bond coat is the thermally grown oxide (TGO),
which is formed in situ during the service of an engine [36-37]. It grows during
engine operation and plays an important role in prolonging the durability of a
TBC as it limits oxygen diffusion between the ceramic top coat and the bond coat
by forming a dense protective alumina layer. However, formation of other oxide
compositions such as the nickel based oxides or spinels (Ni(Cr, Al)2O4) limit the
durability of the TBCs, as they have high volume expansion which can lead to
TBC failure within the TGO during thermal cycling [38-39].

2.1.4 Top Coat (conventional and alternative compositions)
The top layer of the TBC is a ceramic coating which is also referred to as the ‘top
coat’. The primary role of the top coat is to provide thermal insulation to the
underlying bond coated substrate, and thus, to enable the engine component to
operate at a higher temperature. The important material property requirements
for a ceramic top coat are:
8
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i.
ii.
iii.
iv.
v.
vi.
vii.
viii.

Low thermal conductivity
High phase stability in the working temperature range
High sintering resistance
CMAS attack resistance
High erosion resistance
High oxygen penetration resistance
High coefficient of thermal expansion to match the underlying bond-coat
High fracture toughness

Conventional top coat material
Zirconia fulfils most of the above criteria and, hence, is chosen as the standard
top coat material in industrial TBC applications. However, pure zirconia
undergoes tetragonal-to-monoclinic phase transformation during cooling, which
is associated with a volume change (increase) of approximately 3-5% that can
adversely influence TBC durability [40]. Therefore, zirconia is doped with other
oxides such as Y2O3, CeO2, and MgO etc. to inhibit the above phase
transformation and enhance TBC durability.
Among the above oxides, yttria is the most widely used stabilizer for zirconia due
to the improved phase stability of yttria stabilized zirconia in the operating
temperature range. The yttria stabilizer content in zirconia also plays an important
role, as seen in Figure 4. Lower yttria level in zirconia does not inhibit the phase
transformation and a higher yttria level stabilizes the cubic phase which lacks
toughness and strength [41]. The thermal cyclic life of a TBC with varying amount
of yttria in zirconia is shown in Figure 5.
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Figure 4: Phase diagram of zirconia with varying amount of yttria [42]

Figure 5: Influence of yttria content in zirconia on the thermal cyclic life of a TBC [43]
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Therefore, 7-8 wt.% yttria stabilized zirconia (YSZ), with a tetragonal prime
crystal structure, is the most widely used top coat ceramic material for industrial
TBC applications. However, other zirconia compositions based on stabilizers
such as ceria, gadolinia, dysprosia etc., have also been explored [39, 44]. At high
temperatures (>1200 °C), YSZ has limitations such as CMAS degradation, high
sintering rates and phase stability issues which lead to poor durability [11].
Therefore, new top coat compositions for TBC applications have been proposed
and explored in the past two decades. The list of new TBC materials for high
temperature application includes pyrochlores, perovskites, hexaluminates,
garnets, defect clusters etc. [11]. The properties of new TBC candidates including
their advantages and drawbacks are discussed below.
Alternative top coat compositions
Compounds with pyrochlore structure are represented by a general formula
A2B2O7, where the cations (A and B having oxidation states of +3 and +4 or +2
and +5, respectively) and oxygen anions occupy specific positions in the cubic
crystal structure. These materials find usage in diverse applications which include
anodes for solid oxide fuel cells [45], nuclear waste encapsulation materials [46]
and top coat material for TBCs [47]. For TBC applications, rare earth zirconate
(La, Gd, etc.) based pyrochlores have shown promising properties such as lower
thermal conductivity than YSZ, excellent phase stability up to their melting
temperature, high CTE (approximately the same as YSZ), CMAS infiltration
resistance, sintering resistance [11]. The reasons behind the excellent material
properties of pyrochlores (specifically, GZ) compared to YSZ are discussed in
detail in Chapter 3.
Despite their attractive properties, the pyrochlores of rare earth zirconate
compositions have some drawbacks, the foremost being their low fracture
toughness compared to YSZ [48]. Low fracture toughness in a TBC has a direct
influence on its durability (thermal cyclic fatigue) and erosion resistance.
Processing of LZ based TBCs by plasma spray route seems to present difficulties,
as Mauer et al. have reported the tendency of La2O3 to evaporate due to its higher
vapour pressure, thus leading to undesirable composition [13]. In case of GZ, no
such processing issues have been reported [21]. However, during engine
operation, the tendency of gadolinia in GZ to react with the TGO (alumina) and
consume the protective oxide layer (alumina) seems to be a concern from the
standpoint of TBC durability [49].
Perovskites are represented by a general formula ABO3, where the cations (A and
B having oxidation states of +2 and +4, respectively) occupy the corners and
octahedra of the cubic structure whereas the oxygen anions occupy the face
centres. The most widely investigated perovskites for TBC applications are the
11
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zirconate based SrZrO3 and CaZrO3. One of the advantages of perovskites
include their low thermal conductivity compared to YSZ [50]. However, their
poor phase stability (especially SrZO3) and low fracture toughness seems to be an
issue for high temperature TBC applications [11].
Hexaaluminates are the other interesting top coat materials which have shown to
possess high CTE, excellent sintering resistance, and low thermal conductivity
[11]. The most attractive candidate in this family which has been investigated
includes the LaMgAl11O19 [15, 51-52]. However, the hexaaluminate-based TBCs
undergo recrystallization while being processed by the plasma route, which is
believed to be a major drawback [11, 53].
The defect cluster TBCs are the other promising top coat TBC candidates which
comprise of zirconia doped with different types of rare earth cations, for example;
ZrO2–Y2O3–Gd2O3,–Yb2O3. Such addition of rare earth cations to zirconia has
been shown to decrease the thermal conductivity of the resulting TBC by 20% to
40% compared to YSZ [11, 54]. However, higher dopant levels lead to the
stabilization of cubic phase of zirconia which lacks toughness. This could be an
issue for designing durable TBCs.
The other recent addition to the menu of high temperature TBC materials is
yttrium aluminum garnet (YAG). It was shown by Kumar et al. that the YAG
based TBCs possess excellent CMAS attack resistance [55]. It was also shown that
the YAG based TBCs possess excellent sintering resistance and lower thermal
conductivity than YSZ [56]. However, for bulk specimens, Vassen et al. reported
a higher thermal conductivity and lower CTE for YAG than the standard YSZ
[11]. The low CTE seems to be the drawback of YAG, as top coats with low CTE
result in higher thermal expansion mismatch with the bond coat/substrate, which
could eventually compromise the integrity of the TBC.

2.2 Deposition Techniques
A high energy process is needed to melt and deposit a TBC as ceramics have a
high melting temperature, which is approximately 2700 °C in case of zirconia.
Two techniques, Electron Beam Physical Vapour Deposition and Plasma
Spraying, are usually employed to deposit TBCs. The associated principles of
coating formation, deposited coating characteristics, advantages and drawbacks
are discussed briefly below.

2.2.1 Electron Beam Physical Vapour Deposition
Electron beam physical vapour deposition (EB-PVD) is one common technique
to deposit YSZ. In this process, a high energy electron beam is used to obtain a
12
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melt pool of the raw material which generates vapour. The substrate to be coated
with the YSZ is held over the pool and the coating formation occurs by the
deposition of molecules from the vapour.
2.2.1.1 Coating characteristics
The properties such as thermal cyclic life, thermal conductivity, and erosion
resistance of a TBC, with a given material chemistry, depend greatly on the
microstructure obtained after deposition. A typical microstructure of a TBC
generated by the EB-PVD process is shown in Figure 6.

Figure 6: Cross sectional SEM micrograph of YSZ deposited by EB-PVD [57]

A columnar microstructured TBC, comprising of dense columns which are
separated by gaps (column gaps), is obtained by this process. A columnar
microstructure could be beneficial to improve the strain tolerance of the TBC.
2.2.1.2 Advantages
i.
TBCs with higher thermal cyclic life compared to plasma sprayed TBCs
could be obtained due to their improved strain tolerance [58].
ii.
Nicholls et al. demonstrated that columnar microstructured TBCs
possess better erosion resistance than the lamellar microstructured TBCs
obtained by Atmospheric Plasma Spraying (APS) [59-60].
2.2.1.3 Disadvantages
i.
Lower coating deposition rates are achieved by this process compared to
the plasma sprayed TBCs.
ii.
High investment costs for equipment.
iii.
Higher energy consumption compared to the plasma spray process.
iv.
Higher thermal conductivity in TBCs deposited by this process
compared to plasma sprayed TBCs [58]. The reasons for such an increase
13
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in thermal conductivity for EB-PVD processed TBCs are discussed in
the section 2.2.2.3.
Plasma Spraying
Plasma spraying is the most widely used technique by the gas turbine industry to
deposit TBCs. The coating is deposited by virtue of thermal energy and kinetic
energy imparted to the feedstock by the plasma where the gas temperature ranges
from 6000 °C to 15000 °C and flame speed from 300 m/s to 1000 m/s. Based on
the feedstock phase (solid or liquid), plasma spraying can be further classified into:
x
x

Plasma spraying carried out using a dry powder feedstock which is
referred to as ‘atmospheric plasma spraying’ (APS).
Plasma spraying carried out using a liquid feedstock which is referred to
as ‘suspension plasma spraying’ (SPS).

2.2.2 Atmospheric Plasma Spray
The APS process makes use of a ceramic powder whose typical particle size
ranges from 10 μm to 100 μm. With APS, feeding powders with particle size less
than 10 μm into the plasma jet has been shown to be difficult [61].
2.2.2.1 Principle
In this process, the ceramic powder is injected into the plasma flame using a
carrier gas. The particles are accelerated in the plasma flame and impact the
substrate: the molten droplets flatten due to the force of impact. These flattened
droplets solidify to form ‘splats’ which, by successive overlapping, build-up the
coating. A schematic of the APS process is shown in Figure 7.

Figure 7: Illustration of the APS process (Reproduced from Fauchais et al. [62])

2.2.2.2 Coating Characteristics
The coating generated by APS process has a lamellar microstructure with globular
voids and cracks of different sizes, as shown in Figure 8. The cracks in the
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deposited TBC are formed due to stresses generated during the cooling of the
splat [41]. Furthermore, inter-lamellar cracks between the splats are seen in the
APS microstructure due to poor bonding of the incoming splat with the already
solidified splat. In terms of porosity, both globular and fine scale porosity are
present in the coating microstructure. A typical YSZ ceramic coating deposited
by APS contains approximately 10-15 vol. % porosity, depending on the spray
parameters used. High porosity in the coating will reduce the thermal
conductivity, which can be significantly lower than that of a bulk material with
the same thickness [63]. Additionally, a ceramic coating with high porosity has a
lower elastic modulus compared to its denser counterpart, which could make the
coating more strain tolerant.

Figure 8: SEM micrograph of top coat deposited by APS process [39]

2.2.2.3 Advantages
i.
The thermal conductivity of TBCs deposited by APS is lower compared
to TBCs deposited by EB-PVD for the same material composition and
thickness [41, 58], as shown in Figure 9. The difference in thermal
conductivity arises due to the different microstructural features obtained
by the process. The splats and splat boundaries in the APS coatings are
transverse to the heat flow direction, whereas the columns in EB-PVD
TBCs are vertical and thus parallel to the heat flow [41].
ii.
The process does not require vacuum and can be carried out in ambient
atmosphere. Therefore, it is more economical than the EB-PVD process.
iii.
The investment cost for the equipment is significantly lower than EBPVD equipment.
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2.2.2.4 Disadvantages
i.
To deposit coatings using powders < 10 µm size, the carrier gas velocity
needs to be increased in order to enable the particles to enter the plasma
flame. Such an increase in the velocity of the carrier gas leads to
disturbance of plasma stream and results in lower coating deposition
rates [29]. The other reason for its incapability to deposit fine powder
feedstock is that the electrostatic force of attraction between the fine
particles lead to agglomeration and eventually result in clogging the
injection nozzle [61].
ii.
The thermal cyclic life of APS deposited coatings is inferior compared to
coatings produced by the EB-PVD process due to the absence of a
columnar microstructure [41, 58].
A comparison of thermal cyclic life of YSZ deposited by both EB-PVD and APS
process is shown in Figure 10. However, dense vertically cracked coatings could
be generated using the APS process with different set of spray parameters
altogether. The vertically cracked microstructure mimics the columnar structure.
The drawback is however that the structure will be denser and stiffer compared
to a non-vertically cracked APS microstructure.
iii.

The erosion resistance of an APS deposited TBC is poor compared to an
EB-PVD deposited coating [59], as shown in Figure 11.

It should be noted that the failure mode in APS and EB-PVD are different when
subjected to erosion. In the erosion test, on impact, the eroding media generates
cracks in the ceramic. These cracks propagate easily in the APS coatings as the
microstructure comprises weaker splat boundaries and a network of micro cracks.
In the case of EB-PVD coatings, the dense columns with weak inter columnar
boundaries behave differently when subjected to erosion. The column boundaries
arrest the cracks from propagating to the adjacent columns and, therefore, limit
the failure within the column and minimize the material loss due to erosion. [59].
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Figure 9: Thermal conductivity plot of 7YSZ TBC deposited by APS and EB-PVD
process [41]

Figure 10: Thermal cyclic life of 7YSZ deposited by APS and EB-PVD process [41]
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Figure 11: Erosion rates of 8YSZ deposited by APS and EB-PVD at different
temperatures with an impact angle of 90° [60]

2.2.3 Suspension Plasma Spray
Suspension plasma spray (SPS) is a modification of the APS process which makes
use of ceramic powders suspended in a solvent such as alcohol or water. It is
considered to be a promising technique since it makes it possible to use nano or
sub-micron sized feedstock and obtain a unique columnar microstructure similar
to the EB-PVD processed TBCs [32, 64].
2.2.3.1 Particle Inflight conditions
The coating formation in SPS differs from that in the APS process. In SPS, the
coating formation can be divided into six different stages, as shown in Figure 12.

Figure 12: Stages of coating formation by SPS (Adapted from Pawlowski [25])

Stage 1: Suspension injection
In the first stage, the suspension is injected into the plasma jet either radially or
axially. Radial injection relates to the feedstock being injected perpendicular to the
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plasma flow and outside the plasma gun whereas in the axial injection case, the
suspension is injected coaxially with the plasma flow and in the plasma gun. Axial
injection significantly simplifies injection of small sized particles, since radially
injected particles have to penetrate a high velocity jet to enter the core of the jet.
Based on the injection type (radial or axial), the inflight characteristics vary leading
to different microstructural features in the coatings formed. As previously stated,
these microstructural features in turn influence the functional performance of the
TBC.
Stage 2: Atomization
In this stage, the injected suspension undergoes atomization and leads to
generation of fine droplets [25]. The size of droplet formed depends on the extent
of atomization of the suspension. Plasma drag force, suspension viscosity and
surface tension of the suspension are some of the important parameters which
can influence the atomization process.
Relationship between the parameters and the atomized droplet size was derived
by Fazilleau et al. [65] according to Equation 1.
𝑑𝑑 =

8σ
𝐶𝐶. 𝜌𝜌. 𝑢𝑢2

(1)

where 𝑑𝑑(m) stands for droplet diameter, σ (N/m) is the surface tension of the
suspension, 𝐶𝐶 is the drag coefficient, 𝑢𝑢 (m/s) and 𝜌𝜌 (Kg/m3) are the stream
velocity and density of the plasma, respectively.

Low surface tension and high plasma drag coefficient favour smaller droplet
formation after atomization, according to Equation 1. Ethanol based suspensions
present lower surface tension than water based suspensions and thus result in
lower atomized droplet size when other parameters are kept the same. The other
influential parameter, plasma drag force, can be altered by varying the gas flow
rate, composition of the gas, etc. [66].

Viscosity of the suspension also influences the droplet size, although not
discussed in the above equation. A lower viscosity favours better atomization of
the suspension [66]. However, viscosity can be tailored by varying the solid load
content or particle size (D50) of the solute dispersed in the suspension [66-67].
Stage 3: Solvent evaporation
During this stage, the solvent from the atomized droplet evaporates due to the
heating. The vaporization step occurs at the expense of some amount of thermal
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energy from the plasma. Therefore, it can be said that more energy is needed to
melt and deposit TBCs using the SPS process compared to conventional plasma
spraying.
Stage 4: Agglomeration
The solute particles in the suspension tend to agglomerate and may even undergo
sintering. This may result in loss of initial characteristics (initial D50) of the solute
particles suspended in the solvent.
Stage 5: Melting
In this stage, the agglomerated solute particles undergo melting when they come
in direct contact with the plasma. The splat size and other microstructural features
of the coating depend on the extent of melting of these particles, which is
governed by the operating power employed during the process, composition of
plasma gases (enthalpy), dwell time and feed rate of the suspension [61, 68].
Stage 6: Molten particle impact on the substrate
The agglomerated molten or semi molten particles are accelerated towards the
substrate where they form fine splats on impact. The next incoming molten
particle solidifies on the previously formed splat and, in this way, the coating
builds up.
2.2.3.2 Coating formation in SPS
Berghaus et al. [69] investigated the effect of feedstock injection parameters such
as the initial droplet diameter, suspension flow rate, droplet velocity. It was found
that the trajectory of the particles with size less than 5 µm can be affected by the
plasma stream, resulting in deposition of particles at shallow angles on the
asperities of the substrate, thus causing a shadowing effect [69]. Reasons for the
shadowing effect was the lower momentum of smaller particles, as shown in
Figure 13.
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Figure 13: Schematic of the molten droplets of different sizes causing shadowing
effect on the substrate asperities [29]

Based on the above findings, VanEvery et al. proposed three possible
microstructures when a TBC is produced by the SPS process [29]. If the
fragmented droplet size is less than 1 μm, a columnar microstructure is obtained
due to the shadowing effect, as shown by type 1 in Figure 14. However, if the
droplet size ranges from 1 μm to 5 μm, the extent of shadowing effect is lower
and hence a columnar microstructure with porosity bands within the columns is
formed, as shown by type 2. In terms of microstructural nomenclature, this has
been referred to as a feathery columnar microstructure. If the droplet size is larger
than 5 μm, then the momentum of the droplet is higher and leads to direct impact
of the droplet on the substrate, causing minimal shadowing. Vertically cracked
coatings or even lamellar structured coatings could be formed under such
conditions, as shown by type 3.
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Figure 14: Schematic of the coating deposition characteristics at and away from
surface asperities [29]

2.2.3.3 Coating characteristics
The typical SPS coating microstructure is shown in Figure 15. A columnar
microstructure with fine scale porosity within columns and column gaps is
obtained. Fine scale porosity within the columns is desirable since it lowers the
thermal conductivity of the TBC.

Figure 15: Cross sectional SEM micrographs of YSZ TBC deposited by SPS process
at (a) lower magnification (b) higher magnification
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2.2.3.4 Advantages
i.
SPS can make use of nano sized or sub-micron sized feedstock powders.
It has been shown that use of nano sized feedstock improves the
thermomechanical properties of a TBC [27]. Additionally, it has been
demonstrated that TBCs deposited using nanometre sized feedstock
result in lower thermal conductivity than coatings of identical thickness
deposited using a coarser powder of the same composition [26].
ii.
SPS is capable of mimicking EB-PVD process by generating TBCs with
a columnar microstructure, which could be beneficial in achieving
improved thermal cyclic performance [30, 70].
iii.
Faster deposition rate and more economical than the EB-PVD process
[71-72].
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3 High Temperature Challenges
Gas turbine engines usually operate at high temperatures. Such high service
temperatures pose several challenges. Some of the most important challenges
encountered by TBCs at high temperatures are: thermal cyclic fatigue, phase
stability, sintering, CMAS attack, bond coat oxidation and erosion, which are
discussed in this section.

3.1 Thermal Cyclic Fatigue
TBCs often undergo thermal cyclic fatigue loading conditions during their service
lifetime (such as during the flight take-off and landing). Therefore, the TBC must
be able to sustain the thermal cyclic load to ensure its long durability in order to
achieve efficient engine performance.

3.1.1 Factors affecting thermal cyclic life of a TBC
Several factors influence the thermal cyclic life of a TBC. Some of the important
ones are listed below:
i.

Porosity content of the TBC

Low porosity content in the TBC leads to high elastic modulus (in other words,
high stiffness) which results in poor strain tolerance and eventually leads to lower
thermal cyclic life than their porous counterparts [41]. However, the trade-off
with a porous TBC microstructure is the fracture toughness, which decreases with
increase in porosity [73]. Therefore, one has to find the right porosity content in
the TBC microstructure to obtain low stiffness and adequate fracture toughness
for improved TBC durability [74].
ii.

Coating microstructure

The strain tolerance of a TBC is dependent on the coating microstructure which,
in turn, depends on the process, parameters, feedstock etc. A columnar
microstructured TBC, as previously stated, has been shown to improve the
thermal cyclic life compared to a lamellar microstructured TBC [58].
iii.

CTE of the top coat

The CTE of the ceramic layer plays an important role in determining TBC
durability when subjected to thermal cyclic loading. The CTE of the top coat
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should be as close as possible to the CTE of metallic substrate and bond coat
which is approximately in the range of 15-16 x 10-6 K-1. A ceramic with low CTE
leads to a larger CTE mismatch with the bond coat and, when subjected to
thermal cyclic loads, results in higher stress generation in the TBC at the bond
coat/top coat interface. When the strain energy accumulated in the ceramic top
coat due to CTE mismatch exceeds its fracture toughness, crack initiation in the
TBC occurs which eventually leads to TBC failure. The CTE of standard top coat
material, YSZ, is reported to be approximately 11 x 10-6 K-1 [11]. Among the new
materials proposed for high temperature TBC applications, GZ has been reported
to possess CTE in the range of 10.5 x10-6. K-1 to 11.5 x10-6 K-1, according to
Lehmann et al. [75] and Wan et al.[76], which is comparable to YSZ.
iv.

TGO composition

Thermal cyclic fatigue life of the TBC depends on the TGO thickness,
morphology, growth rate and composition [77-78]. Failure analysis of TBCs
subjected to long exposure thermal cyclic fatigue test have revealed the presence
of oxides other than alumina in the TGO [78]. Alumina is a protective oxide
which restricts the growth rate of TGO due to its adherent and compact nature.
The formation of other oxides such as nickel based or spinels are known to limit
TBC durability due to their high volume expansion [79-80].
v.

Chemical composition of the top coat

The top coat composition plays an important role in determining TBC durability.
Section 2.1.4 has already described the role of stabilizer content in zirconia on
thermal cyclic life. An optimum composition of yttria (7-8 wt. %) in zirconia gives
the highest thermal cyclic life due to stabilization of tetragonal prime phase [41].
However, YSZ is susceptible to phase transformation at temperatures above 1200
°C. Therefore, new TBC candidates such as pyrochlores (especially GZ and LZ)
are being widely investigated in view of their excellent thermal stability at high
temperatures [11].

3.1.2 Failure modes when subjected to thermal cyclic tests
Two different test conditions are generally employed by the gas turbine industry
to evaluate the durability of TBCs. The first is an isothermal thermal cyclic test,
also referred to as ‘Thermal Cyclic Fatigue’ (TCF) test, where the TBC and the
substrate are exposed to the same temperature. The second is a thermal gradient
test, also referred to as ‘Burner Rig Test’ (BRT), where the top surface of the TBC
is exposed to higher temperature whereas the back side (substrate) is maintained
at a lower temperature. Based on the specific thermal cyclic test conditions
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employed, the failure modes observed in the TBC differs. The failures typically
observed in both the above types of tests are discussed in the section below.
a.

In the TCF test, the cyclic exposure time ranges from 40 minutes to 1
hour of heating and up to 10 minutes of cooling. It is generally expected
that the TBC failure in this test initiates in the TGO after a critical TGO
thickness is reached. Reasons for such a failure could be due to the
transformation of high density metal (bond coat) into a low density oxide
within the restricted volume. The oxides of nickel and other spinels
formed on the bond coat surface have a higher volume expansion [79].
Additionally, the TGO layer has inferior mechanical properties and a
lower CTE (~ 8 x 10-6 K-1 for alumina) than the top coat and metallic
bond coat which leads to higher stress concentration in the TGO during
thermal cycling. A typical SEM micrograph of a failed single layer YSZ
TBC when subjected to the TCF test is shown in Figure 16. It can be
seen from the micrograph and photograph that the failure occurred in
the TGO. The critical TGO thickness at failure in this type of cyclic test
ranges from 4 μm to 8 μm [81], depending on the bond coat composition.

Figure 16: SEM micrograph and photograph of single layer YSZ TBC failed during
TCF testing

b. In the BRT, failure of the TBC occurs generally within the ceramic layer
adjacent to the TGO [82]. The ceramic top coat has a CTE in the range
of 9-11 x 10-6.K-1, at 293-1373K [83], depending on the choice of the
ceramic material. However, the metallic bond coat and the substrate have
a higher CTE of approximately 14-15 x 10-6/K, depending on the choice
of the substrate. During routine operation of the TBC, the CTE
mismatch between the ceramic top coat and the metallic bond coat/
substrate results in stress build-up in the ceramic layer. The mismatch
stresses are relieved in the form of crack initiation and propagation in the
TBC, resulting in failure. A typical BRT failed SEM micrograph and
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photograph is shown in Figure 17. The failure is seen to occur within the
TBC close to interface with the TGO. The TGO thickness at failure was
approximately 1 μm, which is below the critical TGO thickness at failure
reported in the case of long exposure thermal cyclic fatigue test.

Figure 17: SEM micrograph and photograph of BRT failed YSZ TBC at 1300 °C
(Reused from [84])

3.2 Thermal Conductivity
In ceramics, the heat conduction primarily occurs due to lattice vibrations which
are also known as ‘phonons’. Thermal conductivity ‘( ’ܭW/m K) of a solid due
to lattice vibrations is governed by Equation 2.
1
 = ܭ. ܪ. ݒ. ݈
3

(2)

where ‘ ’ܪstands for heat capacity (Joule/K) of the solid per unit volume, ‘’ݒ
(m/s) is the velocity of the heat carriers (in ceramics, the heat carriers are atomic
vibrations which are also known as phonons) and ‘݈’ (m) is the scattering mean
free path.
There are several factors which influence the thermal conductivity of a TBC.
Some of the important ones are discussed below.

3.2.1 Factors affecting thermal conductivity
i.

Porosity content

The thermal conductivity of a TBC is dependent on the actual density of the
ceramic, which can be calculated from the porosity content given by Equation 3.
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(3)

𝜌𝜌𝑎𝑎 = 𝜌𝜌𝑏𝑏 (1 − 𝑃𝑃)

where ‘𝜌𝜌𝑎𝑎 ’ (kg/m3) is the actual density of the ceramic, ‘𝜌𝜌𝑏𝑏 ’ (kg/m3) its bulk
density and ‘𝑃𝑃’ its porosity content.
During coating formation, gases from the atmosphere are entrapped in the pores.
These gases have a lower thermal conductivity than the ceramic material.
Therefore, the higher the porosity content in a TBC, the lower is its thermal
conductivity [63].
ii.

Thickness of the TBC

Thermal conductivity is a material property and does not depend on the thickness
of the TBC (assuming similar microstructure and porosity). However, a thicker
TBC provides higher temperature reduction across the TBC [41]. The expression
for reduction in temperature across a TBC is given by Equation 4.
∆𝑇𝑇 =

1
𝑑𝑑𝑑𝑑
. ∆𝑥𝑥.
𝐾𝐾𝐾𝐾
𝑑𝑑𝑑𝑑

(4)

𝑑𝑑𝑑𝑑

where ‘∆𝑇𝑇’ (K) is the temperature reduction across the ceramic coating, ‘ ’ is the
𝑑𝑑𝑑𝑑
heat flux (W/m2), ‘𝐾𝐾’ is the thermal conductivity (W/m. K), ‘𝐴𝐴’ (m2) is the cross
sectional area, and ‘∆𝑥𝑥’ (m) is the thickness of the coating.
iii.

Chemical composition of the TBC

Pure zirconia has higher thermal conductivity than zirconia stabilized with oxides
such as yttria, ceria etc. The reason for lower thermal conductivity due to stabilizer
addition in zirconia can be attributed to the creation of point defects such as
oxygen ion vacancies (depending on the oxidation state of the stabilizers) in the
crystal structure which increase phonon scattering [85-86]. These point defects
decrease the phonon mean free path which helps in lowering the thermal
conductivity. Similarly, when ceramics of rare earth zirconates (GZ) or
perovskites are used, the thermal conductivity of the resulting TBC is lower than
that of 7YSZ. The reason for this can be attributed to the creation of two types
of point defects. First kind of point defect is the increase in oxygen vacancies in
the crystal structure of Gd2Zr2O7 due to the presence of approximately 33 mol.%
of Gd2O3 when compared to 4 mol.% Y2O3 in 7YSZ [85]. The second kind of
point defects arises due to the difference in atomic weights of the cations within
the ceramic. In case of YSZ, the difference between the atomic weights of cations
(Y and Zr) is lower compared to the difference between the cations of GZ (Gd
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and Zr). Higher the difference in the atomic weights of the cations, higher is the
phonon scattering, leading to decrease in phonon mean free path and eventually
resulting in lower thermal conductivity of the ceramic [85].
iv.

Feedstock particle size

The ceramic powder feedstock particle size used in plasma sprayed processes
plays an important role in determining the thermal conductivity of the resulting
TBC. It has been shown that a nano-metric particle feedstock size results in a
lower thermal conductivity compared to a larger particle sized feedstock of same
composition [26]. The explained reason was a higher porosity content obtained
in TBCs deposited using a nano-sized feedstock [26]. Another reason was
attributed to the presence of higher number of splat interfaces which leads to
lower thermal conductivity.
v.

Microstructure

The thermal conductivity of a TBC also depends on its microstructure which, in
turn, depends on the process employed. As previously stated and discussed in
Section 2.2.2.3, TBCs deposited by the APS process result in lower thermal
conductivity than the EB-PVD processed TBCs [41]. Additionally, Bernard et al.
compared the thermal conductivity of TBCs processed by EB-PVD, SPS and
APS, and showed that SPS processed TBCs resulted in lowest values [87].

3.3 Phase Stability
The phase composition and stability of the top coat is important to ensure long
TBC durability, as any phase transformation in the working temperature range is
highly undesirable. As stated earlier, 7-8YSZ, the standard ceramic top coat TBC
composition used by gas turbine industry, undergoes phase transformation when
subjected to long term exposure above 1200 °C [7]. The phase diagram of YSZ
has been presented and discussed in Section 2.4. The stabilizer (yttria) content in
the zirconia alloy (YSZ) redistributes into low and high yttria content zirconia
phases on prolonged exposure to high temperatures, since diffusion of cations
become dominant at such high temperatures. The low yttria content zirconia
phase transforms to monoclinic phase on cooling and such a transformation is
associated with a high volume change, resulting in catastrophic failure of the TBC
[11]. Therefore, new TBC materials which possess good phase stability at high
temperatures are being sought.
New ceramic materials, such as rare earth zirconate based pyrochlores, possess
excellent phase stability even at temperatures above 1200 °C [11]. The GdO1.5–
ZrO2 binary phase diagram is shown in the Figure 18. It could be seen that the
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pyrochlore phase (Py) of GZ forms out of the fluorite phase (F). However, for
other pyrochlores with higher rare earth cationic radii, the pyrochlore phase forms
out of the liquid phase [88]. Nevertheless, the stability of pyrochlore phase of GZ
according to the phase diagram is approximately 1550 °C, which happens to be
higher than the expected engine surface temperature. Furthermore, the
pyrochlores-to-fluorite transformation for GZ is not reported to be detrimental
to the integrity of the TBC as the cubic phase is still retained [84].

Figure 18: The GdO1.5- ZrO2 binary phase diagram (Reproduced from Leckie et al.
[49]) where ‘Py' represents the pyrochlore phase and ‘F’ represents the fluorite phase

3.4 Sintering
Ceramic materials undergo a phenomenon called ‘sintering’ when exposed to
elevated temperatures (T > 0.5Tm [K], where Tm is the melting temperature) as
the mass transfer through diffusion is appreciable. It is an irreversible process
where the driving force is reduction in the surface free energy of the ceramic
compact. During sintering, the ceramic material undergoes densification by
agglomeration of the particles, causing reduction in the volume of porosity, which
results in increased density of the ceramic. Note that no sintering studies were
performed in this work. It is included in this section since it has been one of
selection criteria for top coat materials [11].
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3.4.1 Influence of sintering on TBC performance
Sintering influences TBC performance in several ways. From the thermal barrier
properties view point, closure of porosity due to sintering leads to increase in
thermal conductivity of the ceramic coating, which is not desirable. Additionally,
a denser TBC due to sintering results in higher elastic modulus than the TBC in
as-sprayed condition, leading to loss of strain tolerance in the coating which could
result in early TBC spallation [4].

3.4.2 Factors affecting sintering
i.
ii.

Exposure time
Exposure temperature

It has been reported that a higher exposure temperature and a longer exposure
time leads to higher sintering rates. This was shown indirectly by comparing the
thermal conductivity of the as-sprayed and annealed TBCs for different
temperature and time periods where the thermal conductivity was shown to
increase with time and temperature of exposure [26]. Higher exposure time and
temperature leads to an increase in the ceramic density due to the closure of pores.
iii.

Composition and feedstock size.

Some ceramic compositions are more susceptible to sintering compared to others
when subjected to similar exposure conditions [11,16]. For instance, in YSZ, the
substitution of Zr+4 ions with lower valency Y3+ ions leads to the creation of
mobile oxygen ion vacancies which makes it a good oxygen-ion conductor. These
mobile oxygen ion vacancies contribute to the diffusion of species through the
matrix and could potentially compromise the sintering resistance of the TBC. In
case of the pyrochlores (such as GZ), the oxygen ion vacancies are arranged in an
ordered fashion and, hence, are reported to be poor oxygen ion conductors [89].
The crystal structures of fluorite phase of zirconia and pyrochlore phase of GZ
are shown in Figure 19. Cao et al. reported the excellent sintering resistance of
pyrochlore based TBCs as compared to YSZ based TBCs [90].
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Figure 19 a) Cubic fluorite phase of zirconia: zirconium cations are in yellow and the
oxygen anions are in red b) Cubic pyrochlore phase of GZ with Zr and Gd cations in
yellow and blue colours respectively. (Reproduced from Clarke et al. [91])

Additionally, the particle size of the feedstock material used for deposition has
been shown to influence the sintering behavior, with TBCs deposited using nano
sized powders being more resistant to sintering than the TBCs processed using
coarser feedstock [26]. The reason was attributed to the pore morphology.

3.5 CMAS Degradation
Aero engines are exposed to the threat of CMAS attack at elevated temperatures,
where small inorganic particles dispersed in air stick to the hot sections of the
engine. These particles usually melt when the service temperature is above 1100
°C, although the melting temperature of CMAS is known to be dependent on its
composition [11]. The CMAS composition, in turn, depends on the source where
it originates from (volcanic ash, desert sand or industrial fly ash). However, the
major constituents of CMAS are oxides of calcium, magnesium, aluminum and
silicon along with small traces of other oxides (Ti, Fe, Ni etc. depending on the
source). The CMAS attack leads to TBC degradation as described in Section 3.5.1
below. Note that no CMAS studies were performed in this work. The multilayered coating design that was introduced in this work, however, was motivated
by the need to combat CMAS degradation of the TBCs. Hence, CMAS
degradation has been included in the thesis for completeness.

3.5.1 TBC degradation under the influence of CMAS
The molten inorganic particles can degrade the TBCs in two possible ways.
i.

The first mode of attack can be classified as thermo-chemical interaction,
where the molten CMAS reacts with the top coat. In case of YSZ, the
yttria from YSZ is selectively leached out due to the chemical reaction
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ii.

between the molten CMAS and top coat [8, 22, 92-93]. The low yttria
content zirconia (formed after the loss of yttria in YSZ due to the
interaction with CMAS) undergoes phase transformation under thermal
cyclic loads, resulting in premature TBC failure.
The second mode of attack can be classified as the thermo-mechanical
interaction of CMAS with the top coat. When the temperature is
favourable for the CMAS to melt (usually >1100 °C), the molten CMAS
infiltrates the porous ceramic top coat as the TBCs are designed to be
porous for several reasons discussed in Section 3.2.1. The infiltrated
CMAS solidifies when the TBC service temperature drops below its
melting. The ceramic top coat is stiffened due to the solidification of
infiltrated CMAS, which accounts for additional stress generation in the
TBC [94-95]. The TBC eventually loses its strain tolerance due to the
stiffening and results in premature failure.

It is often observed that the TBC top coat undergoes degradation by both the
above mentioned modes [96].

3.5.2 Factors affecting CMAS attack
There are several factors which influence the CMAS attack on TBCs. Some of the
important ones are;
i.

Chemical composition of the CMAS

The composition and basicity index (ratio of CaO and SiO2) of the molten CMAS
can affect TBC durability. It was demonstrated by Ndamka et al. that GZ, as a
TBC material, provides better CMAS attack resistance for compositions with a
lower basicity index (<1.8) but, is incapable of restricting CMAS attack when the
basicity index is higher (>1.8) [97].
ii.

Chemical composition of the top coat (stabilizer content, other solutes
etc.)

It was reported by Li et al. that a higher stabilizer content (Y2O3) in the TBC helps
in improving the CMAS attack resistance as the molten CMAS preferentially
leaches out yttria out of the zirconia yttria alloy [8]. Aygun et al. demonstrated
that a solid solution of alumina and titanium oxide in the YSZ ceramic could
inhibit CMAS attack compared to a TBC with only YSZ [93]. Drexler et al.
reported a similar observation, where the CMAS attack resistance was found to
be dependent on the chemical composition of the TBC [22]. Ceramic
compositions which can form a crystalline phase (having higher melting
temperature) on reaction with molten CMAS, improve the CMAS attack
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resistance [20, 22]. Among YSZ and GZ, GZ has been reported to have excellent
CMAS resistance due to its capability to form a crystalline phase on reaction with
the molten CMAS whereas YSZ was shown to be susceptible to CMAS attack
[20]. A schematic of the CMAS resistance of YSZ and GZ based TBCs processed
by APS is shown in Figure 20.

Figure 20: a) YSZ based TBC exposed to CMAS b) GZ based TBC exposed to
CMAS, (Reproduced from Gledhill et al. [98])

iii.

Coating density

It was shown by Li et al. that a coating with higher density possesses better CMAS
attack resistance compared to a porous coating [99]. The molten CMAS infiltrates
the TBC through the existing pore network and then stiffens the ceramic on
solidification. Lower porosity helps in restricting the molten CMAS infiltration
than in case of a highly porous TBC. However, it should be noted that a lower
porosity in the TBC would lead to higher thermal conductivity and higher elastic
modulus in the TBC, which are not desirable from the durability and functional
property (insulation) requirement point of view.

3.6 Oxidation of Bond Coat
At elevated temperatures, faster oxidation of the bond coat is a threat to the TBCs
as it limits durability. Oxides of aluminium formed on the bond coat surface
during TBC operation help in preventing further oxidation of the bond coat due
to their passive and protective nature. When the Al reservoir from the surface of
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the bond coat is depleted, oxides of nickel and spinels form, which are believed
to limit the TBC durability [100-101]. There are several factors which influence
oxidation of bond coat. Some of them are discussed below.

3.6.1 Factors affecting bond coat oxidation
i.

Bond coat composition and particle size distribution of the bond coat
powder

Selection of bond coat composition and its powder particle size distribution used
for spraying play an important role in extending the service life of a TBC. Fine
sized MCrAlY powders deposited by the HVOF (High Velocity Oxy-Fuel)
process has been shown to promote a faster formation of a protective aluminium
oxide compared to a larger feedstock particle size. The protective oxide slows
down the oxidation rate of the bond coat and thus prolongs the coating life-time
[102-103]. The reason for the faster oxide formation was attributed to the higher
number of grain boundaries which increases the diffusion of aluminium at the
interface [102]. Additionally, the bond coats deposited using fine (sub-micron)
sized powders resulted in better hot corrosion resistance than the coatings
deposited by conventional coarser powders [104].
ii.

Top coat composition

YSZ is transparent to oxygen at higher temperatures [90]. It was shown by Cao
et al. and others that rare earth zirconates of pyrochlore crystal structure are more
resistant to oxygen penetration than YSZ [78, 90]. The proposed explanation was
the presence of stable frenkel pairs (interstitial oxygen anion and oxygen ion
vacancy) in their (pyrochlore) crystal structure [67]. A higher activation energy is
needed for oxygen migration through the pyrochlore crystal structure, according
to simulation studies [105-106]. Therefore, ceramic top coats with lower oxygen
penetration help to slow down bond coat oxidation when the porosity in the top
coat, composition of bond coat and other conditions are similar.
iii.

Bond coat deposition process

The bond coats of MCrAlY composition for TBC applications are usually
deposited by processes such as APS, VPS (Vacuum Plasma Spray), HVOF (High
Velocity Oxy Fuel) and HVAF (High Velocity Air Fuel). The spray temperature,
dwell time, as well as the microstructure obtained by these processes differ from
each other and, therefore, the oxidation performance of resulting bond coats are
also different. It has been shown that a lower porosity and lower oxide content in
the deposited bond coat are obtained by the HVOF process compared to
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atmospheric plasma spraying [38, 107]. This leads to reduction in oxidation rates
of HVOF coatings compared to the plasma sprayed coatings [38].

3.7 Erosion of TBCs
Erosion resistance is another important performance criteria which needs to be
considered while designing TBCs for engine components such as the turbine
blades and nozzle guide vanes. There are several factors which influence the
erosion resistance of a TBC. Some of the important ones are discussed below.
i.

TBC composition

YSZ possesses excellent erosion resistance as the yttria content in zirconia
stabilizes the tetragonal prime phase [86]. In the new TBC compositions such as
the rare earth zirconate based pyrochlores (GZ), the stabilizer content (gadolinia)
in zirconia happens to be on the higher side (33.33 mol.%) compared to 8YSZ (4
mol.% yttria) and the resulting phase is cubic instead of tetragonal. The cubic
phase of zirconia has lower fracture toughness than the tetragonal phase and
hence the fracture toughness of GZ was reported to be inferior to YSZ [86, 109].
Similar results were reported for APS processed LZ TBCs, where their erosion
performance was inferior to YSZ TBCs [110].
ii.

Microstructure

Microstructure of a TBC has major influence on the erosion resistance, according
to Nicholls et al. [59]. It was shown that a columnar microstructured TBCs
processed by EB-PVD possess higher erosion resistance than the lamellar
microstructured YSZ processed by APS. The column boundaries in the EB-PVD
microstructure arrest the delamination crack from propagating to the adjacent
column and, hence, the damage is localized. In case of lamellar microstructure,
the delamination cracks propagate easily and thus lead to higher material loss [59].
iii.

Porosity Content

High porosity in a TBC is highly desirable for low thermal conductivity and low
stiffness in the TBC which could lead to improved TBC durability. However, in
terms of erosion resistance, high porosity in a TBC results in poor erosion
resistance due to its lower fracture toughness compared to a dense TBC.
Ramachandran et al. reported a similar observation, where denser YSZ and
lanthanum zirconate (LZ) TBCs deposited by APS process yielded improvement
in erosion resistance than their porous counterparts [110].
iv.

Surface roughness
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Surface roughness is another key coating parameter which influences erosion
resistance of TBCs. With similar TBC composition and microstructure, a high
surface roughness in the TBC leads to higher loss of material due to erosion.
Similar observation of improved erosion resistance with low surface roughness
was reported elsewhere [111-112]. Therefore, it is desirable to have a TBC with
low surface roughness. Aiming to produce low surface roughness TBCs, attempts
were made by employing post treatment techniques such as laser glazing and laser
remelting to obtain denser and smoother TBC surfaces compared to the assprayed TBCs deposited by APS process [111, 113]. However, such post
treatment methods, which are additional steps, increase the production costs of
TBCs. Therefore, it is desirable to produce smooth TBCs in the as-sprayed
condition.
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4 Characterization Techniques
This chapter presents the experimental details of the performance and durability
tests conducted in this work. The list of tests discussed in this section include
thermo-mechanical, thermo-physical and erosion. Further information regarding
experimental details can be found in the appended publications.

4.1 Measurement of Thermo-Mechanical
Properties
Among the thermo-mechanical properties, life time evaluation of the TBCs under
thermal cyclic loading is important as the air craft engine is frequently under cyclic
loads while in operation (take-off and landing). In this study, the TBCs were
subjected to two different thermal cyclic loading conditions, i.e., TCF and BRT.
These two thermo cyclic tests are described below:

4.1.1 Fatigue life by the thermo-cyclic fatigue test
Thermo cyclic fatigue (TCF) test evaluates the ability of a TBC to survive under
long exposure to cyclic thermal loads in the absence of a thermal gradient. The
failure in such a test is mostly driven by the oxidation of bond coat due to the
longer exposure time and generally the failure is observed in the TGO. One of
the limitations of this test is the absence of thermal gradient across the TBC,
which exists in real service conditions. Although this results in the under
prediction of the thermal cyclic life of the TBC, this test is frequently used for
evaluation of the TBCs to be used for the land-based gas turbines.
In the tests conducted as part of the present work, the TCF specimens of a
specific geometry (50 mm x 30 mm x 6 mm) were subjected to thermal cyclic
conditions in a computer controlled furnace. The specimens were exposed to a
temperature of 1100 °C for 1 hour in the heating chamber and immediately
transferred to another chamber where a high resolution photograph was captured
and then cooled to 100 °C in 10 min. using compressed air. The thermal cycle
continued until a visible 20% spallation of the top coat was observed. The test
was stopped and the number of thermal cycles survived by the samples for 20%
visible spallation of the TBC was considered as the thermal cyclic fatigue life. A
photograph of the specimens subjected to TCF test is shown in Figure 21.
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Figure 21: Photograph of TBC specimens subjected to thermo cyclic fatigue test

4.1.2 Thermal fatigue life by the burner rig test
Gas turbine engines in aerospace applications encounter thermal cyclic loads for
shorter exposure times. This occurs, for example, during take-off and landing of
the aircraft. The underlying substrate material is insulated by the TBCs from the
hot gases and also by the intricate internal cooling technologies employed in gas
turbines. Therefore, a test which replicates these test conditions (short exposure
times along with thermal gradient across TBC) is highly desirable.
The burner rig test (BRT) tries to replicate the real time conditions experienced
by a TBC during its operation by exposing the top surface of the TBCs to shorter
thermal cycles while cooling the back side of the TBCs simultaneously.
Additionally, this test provides the advantage of exposing the top coat to a surface
temperature (>1300 °C) which is above the melting point of the underlying
substrate.
In this work, BRT of the deposited TBCs was conducted at IEK-1,
Forschungszentrum Jülich, Germany. For this test, Inconel alloy-738 specimens
with dimensions of 30 mm diameter x 3 mm thickness having an aperture to
accommodate a k-type thermocouple, were used. These BRT specimens had
bevelled edges in order to minimize the edge effect on the lifetime results. The
top surface TBC temperature used in this test was 1300 °C and 1400 °C,
respectively, which was monitored throughout the test duration using
thermocouple while the back side (bond coat/substrate) of the TBC coated BRT
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specimen was maintained at 1050 °C using compressed air. The thermal cycle
comprised of 5 min. of heating using natural gas burners and 2 min. of cooling
during which the burners were moved away from the BRT specimens. The failure
criteria for the BRT samples was 30% visible spallation on the ceramic surface. A
photograph of the actual BRT setup is shown in Figure 22.

Figure 22: Photograph of the burner rig test setup used for thermal cyclic test [121]

4.2 Measurement of Thermo-Physical Properties
The primary role of a TBC is to provide thermal insulation to the underlying
substrate, thus it is important to characterize the thermo-physical properties of
the TBC such as thermal conductivity. However, there seems to be no reliable
direct method of measuring thermal conductivity of TBCs. Instead, an indirect
method of measuring the thermal diffusivity and specific heat capacity is
commonly employed and the thermal conductivity of the coating is calculated
according to equation 5.
ߣ = ߙ. ߩ. ܥ

(5)

where ‘ߣ’ (W/m.K) is the thermal conductivity of the ceramic coating, ‘ߙ’
(mm2/s) is the thermal diffusivity, ߩ (kg/m3) is the actual density of the ceramic
and ‘ܥ ’ (J/kg. K) is the specific heat capacity of the ceramic.
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It can be seen that the thermal conductivity of the TBC depends on porosity
content. A higher porosity in the coating results in lower thermal conductivity of
the TBC due to the fact that gases entrapped in the pores have a lower thermal
conductivity than the ceramic material. One common method to measure thermal
diffusivity is the Laser Flash Analysis (LFA) method and usually the specific heat
capacity (𝐶𝐶𝑝𝑝 ) is measured using Differential Scanning Calorimetry (DSC). Both
these techniques are discussed in detail in the following sections.

4.2.1 Thermal diffusivity by laser flash analysis
As stated above, laser flash analysis (LFA) is the most widely accepted method to
measure thermal diffusivity of a TBC [122-123]. A schematic of this method
(NETZSCH 427) is shown in Figure 23. In this method, the ceramic coating,
which is coated with a thin layer of graphite or gold, is placed in a controlled
atmosphere chamber and the temperature is increased at a controlled rate. Five
independent thermal diffusivity measurements are made once the desired
temperature is reached and stabilized. The working principle of an LFA
equipment is that a laser beam of known pulse width is fired at the TBC coated
surface and the response, which is the transient temperature rise, is recorded by
an infra-red detector from the rear side of the sample. The thermal diffusivity of
the coating is then calculated using Equation 6.
0.1388 𝑑𝑑2
𝑡𝑡

𝛼𝛼 =

(6)

0.5

where ‘𝛼𝛼’ (mm2/s) is the thermal diffusivity, ‘𝑑𝑑’ (mm) is the thickness of the
coating and ‘𝑡𝑡0.5’ (s) is the time corresponding to the half maximum increase in
temperature on the back side of the specimen.
It should be noted that the thickness of the coating provided to the software
before the LFA test needs to be accurate. An error of 20 % in coating thickness
measurement may lead to almost a 50% error in the estimated thermal
conductivity [122].
The thermal diffusivity of the single layer coating is calculated in this fashion. This
method can also be extrapolated to measure thermal conductivity of multi-layered
system using Cowan or heat loss + pulse correction models when the thermal
diffusivity, specific heat capacity, thickness and density of the other layers are
known [124].
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Figure 23: Schematic of LFA equipment used for thermal diffusivity measurement
[Courtesy: NETZSCH]

4.2.2 Specific heat capacity by the differential scanning
calorimetry
Specific heat capacity can be defined as the amount of heat required to increase
the temperature of one gram of a particular material by one Kelvin. Differential
scanning calorimetry (DSC) is one of the well-known methods used to estimate
the specific heat capacity (Cp) of TBCs [46].
During the test, ceramic powder material whose specific heat capacity is unknown
is placed in one of the chambers along with a material of known (reference
sample) specific heat capacity in the other chamber. The reference sample used is
usually sapphire and the Cp is measured as a function of temperature.
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4.3 Measurement of Erosion Resistance
TBCs, during their operation, encounter impact with suspended particles in air or
even particles from CMAS sources as well. This leads to removal (erosion) of the
ceramic material from the top surface of the TBC which results in a decreased
engine efficiency. Therefore, it is important to evaluate the erosion performance
of the deposited TBCs and compare with acceptable industrial requirements.
The erosion tests in this work were conducted as per the GE specification:
E50TF121 at IEK-1, Forschungszentrum Jülich, Germany. TBCs were deposited
on stainless steel substrates of 50 mm x 50 mm x 3 mm geometry. A schematic
of the erosion fixture used is shown in Figure 24. Aluminium oxide particles of
240 # grit size were used as the eroding media. The test specimen were held at an
angle of 20 degrees from the axis of eroding media. The TBCs were subjected to
erosion test for a time period of 90 seconds. After the test, a ¼ inch ball tip micro
meter was used to measure the thickness loss (mils) of the sample. The ratio of
time of exposure to thickness loss was calculated. This ratio is usually referred to
as the ‘erosivity number’. A higher erosivity number means that the erosion
resistance of the TBC is higher.

Figure 24: Schematic of the erosion test setup design, according to GE: E50TF121
standard [125]
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It should be noted that this study is limited to evaluation of erosion performance
of TBCs. Foreign object damage (FOD) of the TBCs is beyond the scope of this
work.
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5 TBC Design to Enhance Performance
New top coat compositions, such as the rare earth zirconate based pyrochlores,
zirconate based perovskites, hexaaluminates, and garnets (yttrium aluminum
garnet), have been proposed to replace YSZ for high temperature TBC
applications [11]. The advantages and drawbacks of the new TBC materials have
been discussed in Chapter 2, Section 2.4. The thermal cyclic performance of single
layer TBCs with new material composition was found to be inferior to that of the
single layer YSZ TBC [28, 114-115]. The reason for the lower thermal cyclic lifetime of the new TBC materials was attributed to their lower fracture toughness
than YSZ [11]. Furthermore, rare earth zirconate based pyrochlores (especially
GZ) have thermochemical compatibility issues with the alumina layer from the
thermally grown oxide (TGO), which results in poor thermal cyclic performance
[49, 82]. In terms of CMAS attack resistance capabilities, the new TBC
compositions have shown to be more resistant to CMAS attack than YSZ [22,
116-118]. However, the new TBC materials have been reported to possess lower
erosion resistance compared to YSZ [60, 108].
Therefore, in order to address the above challenges, it becomes important to
design the TBC architecture in a way that the resulting TBC microstructure can
take advantage of the high temperature capabilities of new TBC material along
with the superior mechanical properties of YSZ (e.g. fracture toughness).
In the literature, double layered TBCs with YSZ as the base layer and a top coat
based on pyrochlore or perovskite or YAG based compositions have been
explored [12, 14, 18]. The reason for choosing a base YSZ layer was to improve
the fracture toughness of the TBC close to the bond coat-ceramic layer interface.
The double layered TBCs were shown to improve thermal cyclic performance
compared to the single layer YSZ TBC [12, 14]. In these double layered TBCs,
the thickness of the individual layers also influences durability. It was reported by
Dai et al. in case of APS-deposited double layer LZ/YSZ TBCs that an optimum
thickness of 150 µm YSZ resulted in the longest thermal cyclic life-time [114].
Additionally, other than the new material based double layer TBCs, multi-layered
TBCs with more than two ceramic layers processed by APS have been
investigated by Sampath et al. [73, 119].

5.1 Proposed design of a multi-layered TBC
Based on the multi-layered TBC approaches reported in the literature, this work
proposes a new triple layered GZ based TBC design which is processed by SPS.
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A schematic of the triple layer GZ based TBC (also referred to as ‘layered’ TBC),
indicating the desired functionality from each layer, is shown in Figure 25. The
other TBC architectures deposited by SPS process and investigated in this work
are also shown in Figure 25, along with their nomenclature, which will be used
here after in the rest of the thesis.

Figure 25: Schematic of the single and multi-layered TBCs produced in this work by
SPS process

The denser GZ layer on top was meant to provide CMAS resistance and erosion
resistance. It was shown by Ramachandran et al. that a denser layer on top could
help in improving the erosion resistance of the TBC [110]. Additionally, CMAS
infiltrates the TBC through the porosity in the coating. A low porosity content
TBC could thus lead to lower CMAS infiltration [99].
The novelty of this work includes processing of the GZ based multi-layered TBCs
using the recently developed SPS process. The challenges associated with such a
multi-layered microstructural design are: the possibility of depositing columnar
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microstructured new composition (GZ) based TBCs and the feasibility of
obtaining a multi-layered TBC using the SPS process, which have not been
reported in the literature, so far. Additionally, the other processing challenge was
the production of dense sealing GZ layer in the triple layered TBC. The
background for processing of dense and columnar microstructures of GZ layers
has been partially taken from Curry et al. (University West, Sweden ) and the work
reported by Vanevery et al. on the single layered YSZ TBCs deposited by the SPS
process [29, 30, 120]. The bond coat thickness and microstructure chosen for this
work has been optimised in terms of TBC durability based on the background
knowledge available at University West, Sweden as a result of previous work [120].
Hastelloy-X substrates for the TCF test and Inconel-738 for BRT were used
throughout this work in order to benchmark with the previous results [30, 120].
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6 Results and Discussion
This chapter briefly discusses the most interesting findings of this work. Detailed
discussion of the results are presented in the appended publications. The results
obtained in this work present answers to the research questions.

6.1 Microstructure
The first set of sub research questions concerned regarding what type of GZ
based microstructures can be produced by the SPS process and also how a GZ
based multi-layered TBC can be designed using different GZ microstructures.
In this work, it was shown that columnar microstructured, double layered
GZ/YSZ TBCs can be produced using the SPS process. Columnar
microstructured TBCs are desirable as they are believed to be more strain tolerant
than lamellar microstructured TBCs. The typical cross sectional SEM micrograph
of double layered GZ/YSZ TBC deposited in this work is shown in Figure 26 (a).
It could be seen that the columns seem to originate in the YSZ base layer and
extend into the GZ layer. Furthermore, the GZ/YSZ interface seems to be
continuous and without the presence of horizontal cracks. A continuous interface
in the multi-layered TBCs is highly desirable for improved durability. The top GZ
layer provides high temperature capabilities such as low thermal conductivity,
CMAS resistance whereas the YSZ base layer provides high fracture toughness at
the ceramic/bond coat interface. Additionally, YSZ acts as thermochemical
reaction barrier layer between the GZ and TGO (alumina) [49]. It should be noted
that same spray and suspension parameters (ethanol based, 25wt.% solid load)
were used for the deposition of columnar GZ and YSZ layers. The top surface
view of the double layered TBC resembles cauliflower look-alike microstructure,
as shown in Figure 26 (b).
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Figure 26: a) Cross sectional SEM micrograph of double layered GZ/YSZ TBC and
the elemental maps of gadolinium (Gd) and zirconium (Zr) b) Top surface view

In this work, it was also shown that dense GZ microstructure can be achieved
using the SPS process by altering the suspension and spray parameters. The triple
layered TBC comprising of top dense GZ layer is shown to Figure 27 (a and b).
For the dense GZ layer deposition, water based GZ suspension comprising of
40wt.% solid load was chosen and the standoff distance was reduced from 100
mm to 70 mm. The rationale behind such an alteration was that a higher surface
tension (water has a higher surface tension than ethanol) and a higher viscosity in
the suspension (40 wt.% solid load, instead of 25 wt.%) leads to relatively larger
atomized droplet formation, which should result in a denser microstructure. The
cross sectional SEM micrograph of the triple layered TBC comprising of dense
GZ top layer, relatively porous GZ columnar intermediate layer and YSZ base
layer is shown in Figure 27 (a). The top surface view comparison of Figure 27 (b)
and Figure 26 (b) reveals the difference in the columnar and dense GZ layers. A
dense top layer improves the CMAS attack and erosion resistance compared to
its porous counterparts whereas the intermediate relatively porous, columnar GZ
layer provides lower thermal conductivity and strain tolerance and the base YSZ
layer provides high fracture toughness at the bond coat-ceramic interface.
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Figure 27: a) Cross sectional SEM micrograph of the triple layered TBC and the
elemental maps of gadolinium (Gd) and zirconium (Zr) b) Top surface view

Another important result was that it was also possible to create a columnar
microstructure in GZ+YSZ composite TBC. The cross sectional SEM
micrograph of the triple layered, GZ+YSZ based composite TBC is shown in
Figure 28 (a). It can be seen that the YSZ base layer and intermediate GZ+YSZ
composite layers are columnar whereas the top GZ top layer is relatively dense.
Higher magnification SEM micrograph of the composite GZ+YSZ layer is
shown in Figure 28 (c). Additionally, the interface of (GZ+YSZ)/YSZ is also seen
to be continuous, as evident from Figure 28(d). The composite GZ+YSZ layer
was produced using an ethanol based suspension comprising 50:50 wt.% of
GZ:YSZ and the solid load content in the suspension was kept at 25wt.%.
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Figure 28: a) Cross sectional SEM micrograph of the composite TBC and their
corresponding EDS maps b) Top surface view c) High magnification SEM micrograph
of composite layer d) SEM micrograph of the GZ+YSZ/YSZ interface

6.2 Thermal Conductivity
The second set of sub research questions concerned regarding the estimation of
thermo-physical (thermal diffusivity, specific heat capacity and thermal
conductivity) properties of GZ based TBCs and single layer YSZ TBC processed
by SPS. The other concern was how a GZ based multi-layered TBC approach
would affect the thermo physical properties.
The thermal conductivity of the GZ single layered TBC and GZ based multilayered TBCs was measured experimentally and compared with the standard
single layer YSZ TBC. It was shown that the GZ single layered TBC and GZ
based multi-layered TBCs had lower thermal conductivity than single layer YSZ
TBC in the temperature range of 25 °C to 1000 °C, according to Figure 29. The
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reason can be attributed to the higher number of oxygen ion vacancies in the GZ
based TBCs compared to YSZ. GZ has approximately 33.33 mol.% Gd2O3
whereas 8YSZ has approximately 4 to 4.5 mol.% Y2O3. With higher number of
oxygen ion vacancies in the crystal structure, the resulting phonon scattering
strength increases and thus results in lower thermal conductivity [86].
Furthermore, triple layered GZ based TBC (GZ dense/GZ/YSZ) showed higher
thermal conductivity than the double layered GZ/YSZ TBC. The reason can be
attributed to the lower porosity content of triple layered TBC than double layered
TBC.

Figure 29: Thermal conductivity vs. temperature plot of the single layer YSZ and GZ
based TBCs

The thickness of the individual layers in a multi-layered TBC influences the overall
thermal conductivity of the TBC. In this work, it was shown that the thermal
conductivity of the double layered GZ/YSZ TBC increased with an increase in
YSZ thickness, according to Figure 30. The prefixed numbers in the legend in
Figure 30 represents the thickness (in μm) of the corresponding layers. YSZ
possesses higher thermal conductivity than GZ (as discussed previously), and, an
increase in YSZ layer thickness in the double layered GZ/YSZ TBC would
increase the thermal conductivity.
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Figure 30: Thermal conductivity vs. temperature plot of the double layered GZ/YSZ
TBCs with variable YSZ thickness

6.3 Durability
The third set of sub research questions concerned regarding the failure
mechanisms in GZ based TBCs when subjected to thermal cyclic exposure at high
temperatures. The other concern was how the thermal cyclic lifetime of the GZ
based TBC can be improved by a multi-layered approach and what is the influence
of YSZ layer thickness on the durability of GZ/YSZ TBCs.
In this work, the as-sprayed TBCs were exposed to two different thermal cyclic
test conditions i.e. with thermal gradient (Burner rig test, i.e. ‘BRT’) and without
thermal gradient (Thermal cyclic fatigue, i.e. ‘TCF’). The results related to TBC
durability and failure analysis of the thermally cycled TBCs under different test
conditions are presented separately.

6.3.1 Thermal cyclic fatigue
Single layer YSZ TBCs showed lower thermal cyclic fatigue lifetime compared to
the GZ based multi-layered TBCs at both the test temperatures (1100 °C and
1200 °C), as can be seen in Figure 31. The reason could be that the GZ based
TBCs offer higher oxygen penetration resistance compared to YSZ [90]. The
results are in agreement with previous findings on thermal cycling study of GZ
based TBCs deposited by APS [82]. In case of double layered GZ based TBC and
triple layered GZ based TBC, the triple layered TBC showed higher thermal cyclic
lifetime. The reason was attributed to lower porosity content of the triple layered
TBC than double layered TBC. In TBCs, oxygen gains access to the bond coat
through the porosity in the coating and also through the vacancies in the ceramic
(crystal structure). Low porosity content in the TBC could lead to low bond coat
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oxidation, when the bond coat and top coat composition, microstructure and
other conditions are kept the same.

Figure 31: Thermo cyclic fatigue life of YSZ and multi-layered GZ based TBCs

Failure analysis revealed that the single layered YSZ TBC showed spallation in the
TGO, see Figure 32 (a). This is the most common failure mode observed in single
layer TBC subjected to TCF test. The photograph after failure is shown in Figure
32 (b). High magnification SEM micrograph at the vertical crack opening region
in the failed TBC is shown in Figure 32 (c). The EDS analysis of the TGO layer
showed the presence of oxides of Al, Ni, Co and Cr. The double layered GZ/YSZ
TBC showed spallation of GZ layer from region close to the interface with YSZ,
see Figure 33 (a). The reason was attributed to the inferior fracture toughness of
GZ compared to YSZ [74]. The photograph after failure also indicates the
spallation of GZ layer, according to Figure 33 (b). High magnification SEM
micrograph at the horizontal crack in GZ layer is shown in Figure 33 (c). The
TGO layer comprised of oxides of Al, Cr, and Co, according to the EDS analysis
in Figure 33 (d). In case of the triple layered GZ dense/GZ/YSZ TBC, failure
occurred in the TGO, according to Figure 34 (a and d). However, horizontal crack
propagation in the GZ layer close to the interface with YSZ could also be seen,
according to Figure 34 (c). Although the above two modes appear to compete,
failure in TGO seems to be the dominant mode. The TGO thickness in the failed
TBCs was found to be approximately 5-7 μm. The TGO composition at failure
in all the TBCs was found to be oxides of Al, Cr, Ni and Co.

57

RESULTS AND DISCUSSION

Figure 32: A single layer YSZ TBC failed during TCF a) SEM micrograph showing
spallation in the TGO b) Photograph of the failed TBC c) High magnification SEM
micrograph of the top coat at the vertical crack opening d) EDS analysis of TGO

Figure 33: A double layered GZ/YSZ TBC failed during TCF a) SEM micrograph
showing failure in GZ layer close to interface with YSZ b) Photograph of the failed TBC
c) SEM micrograph at the horizontal crack region in GZ d) EDS analysis of TGO
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Figure 34: A triple layered GZ based TBC failed during TCF test a) SEM micrograph
showing failure in TGO b) photograph of failed specimen c) SEM micrograph showing
horizontal crack in GZ d) SEM micrograph from different region showing failure in TGO

6.3.2 Burner rig test
In the burner rig test conducted at 1300 °C, the single layer YSZ TBC showed
lower thermal cyclic lifetime compared to the multi-layered GZ based TBCs, as
shown in Figure 35. Among the double layered GZ/YSZ TBC and triple layered
GZ dense/GZ/YSZ TBC, the triple layered TBC showed higher thermal cyclic
lifetime. However, the scatter in the thermal cyclic lifetime of triple layered TBC
was high. The thermal cycling results obtained in this work are in agreement with
the previous findings where the double layered GZ/YSZ TBCs processed by APS
showed improved durability as compared to single layered YSZ TBC [82].
Failure analysis showed that the spallation in single layer YSZ TBC occurred in
the region close to the interface with bond coat, according to Figure 36. This
mode of failure is commonly observed in APS processed YSZ single layered TBCs
having thickness less than 300 μm [41]. The TGO thickness at failure was found
to be less than 1 μm. Failure in the GZ based double and triple layered TBCs was
observed to occur in the GZ layer close to the interface with YSZ, according to
Figure 37 and Figure 38, respectively. During the TBC processing by plasma
route, residual stresses (compressive in nature) are introduced in the ceramic due
to rapid solidification (quenching) of the ceramic. Other possible source for
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residual stresses in the TBC is the CTE mismatch between the ceramic and bond
coat while cooling from deposition temperature. Under thermal cyclic loading,
tensile stresses are introduced in TBC during the heating cycle whereas the
cooling cycle results in compressive stresses due to the CTE mismatch between
the TBC and the metallic bond coat/substrate. When the stored elastic energy in
the TBC equals the fracture toughness of the ceramic, failure will occur. Sampath
et al. used the concept of available elastic energy to explain failure in the multilayered TBCs when subjected to thermal cyclic test [73]. In a multi-layered
GZ/YSZ TBC, as GZ possesses inferior fracture toughness than YSZ, failure
close to the GZ/YSZ interface and within the GZ layer is seen. Similar failure
modes in double layered GZ/YSZ TBCs processed by APS were reported by
Bakan et al. [82]. The photographs after failure for GZ based TBCs also indicate
the spallation of the top GZ layer, according to Figure 37 (b) and 38 (b).

Figure 35: Burner rig test lifetime of single layer YSZ TBC and multi-layered GZ based
TBCs

Figure 36: A single layer YSZ TBC failed during BRT a) SEM micrograph showing
failure in YSZ close to interface with TGO b) photograph of specimen after failure
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Figure 37: A double layered GZ/YSZ TBC failed during BRT a) SEM micrograph
showing failure in GZ layer close to GZ/YSZ interface b) photograph of failed specimen

Figure 38: A triple layered GZ based TBC failed during BRT a) SEM micrograph
showing failure in GZ layer close to GZ/YSZ interface b) photograph of failed specimen

Durability of the triple layered composite GZ+YSZ based TBC (GZ
dense/GZ+YSZ/YSZ) was investigated and compared with the triple layered
GZ based TBC (GZ dense/GZ/YSZ). The rationale behind spraying the
GZ+YSZ composite was to take advantage of the individual merits of both GZ
and YSZ, i.e. high temperature capability of GZ and high fracture toughness of
YSZ. The BRT results indicate that the durability of triple layered composite
GZ+YSZ based TBC was inferior to triple layered GZ based TBC, see Figure 39.
The failure modes in these two TBC variations differed; the composite TBC
showed spallation in the region close to GZ dense/GZ+YSZ interface while the
layered TBC showed spallation in the GZ layer close to the YSZ interface. Further
discussion on the failure modes of composite and layered TBCs is presented in
the appended Paper E.
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Figure 39: a) Burner rig test lifetime of GZ based composite and layered TBCs

Additionally, the influence of YSZ thickness on the durability of double layered
GZ/YSZ TBCs was investigated. The hypothesis behind such a study was that
an increase in the fracture toughness at the probable failure location by moving
the GZ/YSZ interface away from the bond coat would improve TBC durability.
However, thermal cycling results showed that an increase in YSZ layer thickness
in the double layered GZ/YSZ TBC led to inferior durability, as seen in Figure
40. The prefix numbers (for e.g. 400GZ, 100YSZ) represent the corresponding
layer thickness (in μm) in the double layered GZ/YSZ TBC. The possible
explanation for lower durability of double layered TBC having higher YSZ
thickness could be due to its higher thermal conductivity (measured
experimentally), which influences the stress state in the TBC and eventually the
TBC durability. Failure analysis of the investigated TBCs was carried out using
SEM and XRD and discussed in the appended paper F.

Figure 40: Burner rig lifetime of GZ/YSZ TBCs with varying YSZ thickness
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6.4 Erosion Resistance
The last set of sub research questions concerned how a GZ multi-layered TBC
approach will affect the erosion performance of the proposed TBC system and
how the erosion resistance of the TBC system can be improved.
In the erosion test, the GZ based TBCs showed a lower erosion resistance
compared to the single layer YSZ TBC, according to Figure 41. The reason for
the low erosion resistance of GZ based TBCs was attributed to the lower fracture
toughness of GZ as compared to YSZ [48]. The erosion results are in good
agreement with the previous findings on the erosion performance of APS
processed rare earth zirconate based pyrochlores (lanthanum zirconate) and YSZ
where YSZ was reported to have higher erosion resistance than the pyrochlore
based TBCs [60, 110]. Additionally, the relatively denser GZ layer in the triple
layered TBC slightly improved the erosion resistance compared to the double
layered GZ/YSZ TBC. Failure analysis of the eroded TBCs was investigated using
SEM and discussed in the appended article D.

Figure 41: Erosion resistance of YSZ and multi-layered GZ based TBCs

One of the solutions for improving the erosion resistance of GZ could be
increasing its fracture toughness. In order to increase the fracture toughness of
GZ, composite of GZ+YSZ was considered. The rationale behind such an
attempt was to take advantage of the higher fracture toughness of YSZ and high
temperature capabilities of GZ. The erosion performance of the GZ+YSZ based
composite TBC showed improvement compared to the GZ based triple layered
TBC, according to Figure 42. The reason for improvement in the erosion
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resistance was shown to be due to the improvement in fracture toughness, which
was measured experimentally (see appended Paper E). The eroded TBCs were
analysed by SEM and discussed in appended article E. It is worthy to mention
that, in case of composite TBCs, improvement in erosion resistance was achieved
at the expense of durability.

Figure 42: Erosion resistance of GZ based composite and layered TBCs
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7 Summary of Appended Papers
Paper A - Thermal conductivity and thermal cyclic fatigue of multi-layered
Gd2Zr2O7/YSZ thermal barrier coatings processed by suspension plasma
spray
Abstract: In this work, single layer YSZ and multi-layered GZ/YSZ based TBCs
were deposited by suspension plasma spray process. A columnar microstructure
was achieved in the single layer YSZ and double layered GZ/YSZ TBC, which
was one of the aims of this work. Additionally, a denser GZ layer was deposited
in the case of triple layer TBC by altering the enthalpy and power of the spray
process. The as-sprayed TBCs were subjected to thermal cyclic fatigue test at 1100
°C and 1200 °C. The thermal conductivity of as-sprayed TBCs was measured in
the temperature range of 25 °C to 1000 °C. It was shown that the multi-layered
GZ based TBCs had a higher thermal cyclic life and lower thermal conductivity
compared to single layer YSZ TBCs.
Answers to the research question: This study was meant to address the three
sub research questions related to microstructure, thermal conductivity and
thermal cyclic life of the proposed GZ based TBCs. It was shown that a columnar
microstructure in the GZ based TBCs could be achieved. A dense GZ top layer
in the case of triple layered TBC could be deposited by altering the spray
parameters. A dense top layer on the columnar microstructured TBC seems to be
a promising design concept for high temperature TBC applications (for improved
CMAS attack resistance and erosion resistance). GZ based TBCs were shown to
possess lower thermal conductivity and higher thermal cyclic lifetime than the
single layer YSZ TBC. The double layered GZ based TBCs showed spallation of
GZ layer close to the GZ/YSZ interface whereas the triple layered TBCs showed
failure in the TGO.
Paper B - Functional performance of Gd2Zr2O7/YSZ multi-layered thermal
barrier coatings deposited by suspension plasma spray
Abstract: In this work, single layer YSZ and multi-layered GZ/YSZ TBCs were
deposited using different set of spray parameters than those reported in the
previous work to achieve coatings with different microstructure and functional
properties. The objective was to investigate the thermal conductivity and thermal
cyclic life of GZ based TBCs at higher temperatures (>1200 °C) and compare the
performance with single layer YSZ TBC. Thermal conductivity of the as-sprayed
TBCs was measured from 25 °C to 1200 °C. The as-sprayed TBCs were subjected
to burner rig test at 1300 °C. It was shown that the GZ based TBCs had a lower
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thermal conductivity and higher thermal cyclic life compared to single layer YSZ
TBC.
Answers to the research question: This study was meant to address the three
sub research questions which are related to microstructure, thermal conductivity
and thermal cyclic life of the proposed GZ based TBCs. Columnar
microstructured GZ based TBC using different set of spray parameters could be
achieved by SPS. Additionally, denser GZ layer could be created by increasing the
solid load content and median particle size of GZ in the suspension. It was shown
that the GZ based TBCs had lower thermal conductivity than the single layer YSZ
TBCs in the temperature range of 25 °C to 1190 °C. The durability of GZ based
TBCs was higher than single layered YSZ TBCs at high temperatures (1300 °C).
The failure modes under burner rig test conditions were similar for the GZ based
double and triple layered TBCs where spallation of the GZ layer from region
adjacent to the GZ/YSZ interface was observed.
Paper C - Failure analysis of Gd2Zr2O7/YSZ multi-layered thermal barrier
coatings subjected to thermal cyclic fatigue
Abstract: This work aimed at understanding the failure modes of the multilayered GZ based TBCs and single layered YSZ TBCs under long exposure
thermal cyclic fatigue test conditions. Porosity measurements in the as-sprayed
TBCs and post failure were made using image analysis technique to analyse the
sintering behavior of GZ and YSZ. It was shown that the triple layered GZ
dense/GZ/YSZ TBCs improved the thermal cyclic fatigue life compared to the
single layer YSZ and GZ/YSZ double layered TBCs. Using image analysis, it was
shown that GZ based TBCs had lower sintering than YSZ TBC. The single
layered YSZ TBCs showed failure in the TGO. The GZ/YSZ double layered
TBCs showed spallation of GZ from region close to the GZ/YSZ interface
whereas the triple layered TBCs showed failure in the TGO layer.
Answers to the research question: This work aimed to address the sub research
question related to thermal cyclic lifetime i.e. understanding the failure
mechanism in GZ based multi-layered TBCs under thermal cyclic test conditions.
It was shown that the failure mechanisms in the GZ based double and triple
layered TBCs seem to be different. The double layered GZ/YSZ TBCs showed
spallation of the GZ layer from region adjacent to the GZ/YSZ interface. In the
triple layered TBC, the failure occurred in the TGO. However, horizontal crack
in the GZ layer close to the GZ/YSZ interface was observed in the case of triple
layered TBCs. It seems that, in triple layered TBCs, the two modes of failure
(failure from TGO and failure in the GZ layer) compete and the failure from the
TGO seems to dominate.
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Paper D - Erosion Performance of Gadolinium Zirconate-Based Thermal
Barrier Coatings Processed by Suspension Plasma Spray
Abstract: Erosion resistance of a TBC is an important performance criteria for
applications such as turbine blades of an engine. In this work, erosion
performance of the GZ based TBCs was evaluated and compared with single layer
8YSZ TBC. GZ based TBCs were shown to possess inferior erosion resistance
compared to the 8YSZ single layered TBC. Furthermore, the dense GZ sealing
layer in the triple layer TBC slightly improved the erosion resistance when
compared to the double layered GZ/YSZ TBC. The eroded TBCs were analysed
by SEM.
Answers to the research question: This study addressed the last sub research
question related to erosion performance. It was shown that the GZ based TBCs
possess lower erosion resistance than the single layer YSZ TBC. The reason was
attributed to lower fracture toughness of GZ than YSZ. The triple layered GZ
dense/GZ/YSZ TBC showed slightly higher erosion resistance than the double
layered GZ/YSZ TBC. The reason was attributed to its lower porosity content
than the double layered TBC.
Paper E - Tailored Microstructures of Gadolinium Zirconate/YSZ Multilayered Thermal Barrier Coatings Produced by Suspension Plasma Spray:
Durability and Erosion testing
Abstract: This work investigated the feasibility of depositing composite
GZ+YSZ based columnar microstructured TBCs using SPS process. The other
aim was to evaluate the thermal cycling behavior and erosion behavior of
GZ+YSZ composite TBCs and compare with the GZ based layered TBC.
Fracture toughness of the GZ+YSZ and GZ layers was measured using microindentation technique. It was shown that columnar microstructure in the
GZ+YSZ based composite TBC could be achieved. Additionally, the GZ+YSZ
composite TBC was shown to improve the erosion resistance compared to GZ
based layered TBC. However, the thermal cyclic lifetime was inferior for the
composite TBC compared to the GZ layered TBC. The failure modes of
composite and layered TBCs after erosion and thermal cyclic test were analysed
using SEM.
Answers to the research question: This study addressed the sub research
questions related to microstructure, thermal cyclic life and erosion performance
of GZ based TBCs. It was shown that columnar microstructure could be obtained
in the GZ+YSZ composite TBC. GZ+YSZ based composite TBCs were shown
to improve the erosion resistance compared to the GZ based layered TBC. The
reason was attributed to the higher fracture toughness of GZ+YSZ composite
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than GZ, which was measured experimentally. It was also shown that the thermal
cyclic life of the composite GZ+YSZ based TBC was inferior to GZ based
layered TBC.
Paper F - Influence of YSZ Layer Thickness on the Durability and Thermal
Conductivity of Gadolinium Zirconate/YSZ Double Layered Thermal
Barrier Coatings
Abstract: In this study, the influence of YSZ thickness on the durability of
double-layered GZ/YSZ TBCs at high temperature was investigated. The
hypothesis behind this work was that the presence of high fracture toughness
material (YSZ) at the probable failure location would improve the thermal cyclic
lifetime. Three variations of GZ based double layered TBCs comprising different
YSZ base layer thickness were deposited by SPS. The thermal cyclic life and
thermal conductivity of the double layered TBCs were evaluated. It was shown
that an increase in the YSZ layer thickness increased the thermal conductivity and
lowered the thermal cyclic lifetime. The failure modes were analysed using SEM
and XRD where the failed TBCs revealed the absence of phase change in the
YSZ.
Answers to the research question: This work addressed the sub research
questions related to the thermal cyclic lifetime and thermal conductivity of the
double layered GZ/YSZ TBCs. It was shown that a thicker YSZ layer in the
double layered GZ/YSZ TBC resulted in an increase in the thermal conductivity.
It was also shown that an increase in the YSZ layer thickness in the GZ based
TBC resulted in lower durability. The failure modes in the three GZ based TBC
variations were similar, where spallation of the GZ layer close to the GZ/YSZ
interface was observed.
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8 Conclusions
This work investigated the feasibility of generating different microstructures of
gadolinium zirconate (GZ) based TBCs using the suspension plasma spray (SPS)
technique. It was demonstrated that it is possible to create a columnar
microstructure in double-layered GZ/YSZ TBCs using the SPS process. It was
also shown that a denser GZ layer in case of triple layered GZ based TBC can be
obtained by altering the process parameters and suspension properties.
Furthermore, it was shown that a columnar microstructure could be achieved in
the composite GZ+YSZ based TBCs. The performance (thermal conductivity
and erosion resistance) of GZ based TBCs deposited by SPS process, as well as
their durability, were evaluated and compared with SPS processed, columnar
microstructured, single layered 8YSZ TBC.
It was shown that lower thermal conductivity than the industry standard single
layer 8YSZ TBC can be achieved using the double layered GZ/YSZ TBC. Triple
layered GZ based TBCs (GZ dense/GZ/YSZ) were shown to possess slightly
higher thermal conductivity than the double layered GZ/YSZ TBCs. The reason
for the increase in thermal conductivity of triple layered TBCs was attributed to
its lower porosity than the double layered TBC. Furthermore, it was shown that
an increase in YSZ layer thickness in the double layered GZ/YSZ TBC increased
the thermal conductivity.
Double-layered GZ/YSZ TBCs were shown to improve durability compared to
single layer 8YSZ TBC. The proposed triple layered TBCs were shown to further
improve the durability compared to double layered GZ/YSZ TBCs. Failure
analysis of the GZ based multi-layered TBCs showed spallation of the GZ layer
close to the GZ/YSZ interface. Additionally, the composite GZ+YSZ based
triple layered TBCs were shown to possess inferior durability than the triple
layered GZ based TBCs. However, improvement in fracture toughness for the
composite GZ+YSZ layer compared to GZ was observed. Furthermore, the
effect of YSZ layer thickness in double layered GZ/YSZ TBCs on the durability
was investigated, where the GZ/YSZ TBCs with higher YSZ thickness showed
lower durability.
In the erosion test performed at room temperature, single layer YSZ TBC showed
higher erosion resistance than the double layered GZ/YSZ TBCs. The reason for
the lower erosion resistance of GZ was attributed to its inferior fracture
toughness than YSZ. Triple layered GZ based TBCs showed slight improvement
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in the erosion resistance than the double layered GZ/YSZ TBCs due to the
presence of denser GZ top layer. Furthermore, the composite GZ+YSZ based
triple layered TBCs were shown to improve the erosion resistance compared to
the GZ based triple layered TBCs. However, the trade-off with the composite
GZ+YSZ based TBCs was the durability.
In this work, it was shown that SPS is a promising production technique in
generating columnar and dense microstructures of GZ. It was also shown that
GZ is a promising top coat material for high temperature TBC applications.
Additionally, the GZ based triple layered TBC design proposed and investigated
in this work has shown the potential to provide not only improved TBC durability
but also slight improvement in the erosion resistance.
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9 Future work
The durability of multi-layered GZ based TBCs can be improved by increasing
the fracture toughness of the GZ layer close to the interface with YSZ. One
possibility to increase the fracture toughness of GZ layer could be to opt for
relatively denser, columnar GZ microstructure close to the interface with YSZ.
For high temperature TBC applications (>1200 °C), CMAS attack seems to be a
severe threat to the durability of TBCs. Therefore, the CMAS attack resistance of
GZ based TBCs processed by SPS, needs to be investigated. Two different test
methods (i.e. isothermal exposure and burner rig) should be employed to
investigate the interaction of the TBCs with CMAS. It should be noted that, in
general, the SPS processed TBCs possess unique microstructural characteristics
such as fine scale porosity and column gaps. These microscopic features could
potentially favour CMAS infiltration. Therefore, the surface morphology of the
proposed triple layered GZ based TBCs should be optimized (free from cracks,
pores etc.) in order to mitigate CMAS infiltration.
Adequate sintering resistance of TBCs at high temperatures is an important
criteria for design of durable TBCs. Therefore, the sintering resistance of SPS
processed GZ based TBCs needs to be investigated and compared with the
industry standard YSZ. One possible approach to investigate the sintering
resistance would be to expose the TBCs to high temperatures and evaluate
changes in thermal conductivity before and after exposure.
This work employed two different techniques to evaluate the porosity content of
the TBCs, i.e. water intrusion method and image analysis. Both these methods
have some limitations which have been discussed in the appended papers. The
uncertainty in porosity measurement affects thermal conductivity calculation.
Therefore, evaluation of porosity by alternative techniques such as Mercury
Intrusion Porosimetry (MIP), X-ray Microscopy and Nuclear Magnetic
Resonance (NMR) cryoporometry, is highly desirable to enable reliable porosity
measurement in SPS processed TBCs.
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Functional Performance of Gadolinium
Zirconate/Yttria Stabilized Zirconia
Multi-Layered Thermal Barrier Coatings
Thermal barrier coatings (TBCs) are utilized in the hot sections of a gas turbine engine.
Their primary function is to insulate the underlying metallic components from high heat
loads. The objective of this work was to develop TBCs having low thermal conductivity and
improved durability at elevated temperatures, which can lead to higher engine efficiency.
Novelty of this work includes the production of columnar microstructured, gadolinium zirconate/YSZ multi-layered TBCs using the recently developed suspension plasma spray
(SPS) process. It was demonstrated that gadolinium zirconate/YSZ multi-layered TBCs
processed by SPS can provide lower thermal conductivity and higher durability than the
standard single layer YSZ TBC. Additionally, it was shown that SPS is a promising spray
technique in producing diverse microstructures (columnar, porous, dense) in gadolinium
zirconate based TBCs.
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