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Abstract 
The need for high performance, low emission gas turbine engines is driving 

development of new coatings with bespoke compositions and microstructure to 

increase thermal efficiency and reduce wear of engine parts. Alumina (Al2O3) is 

suitable in wear applications while yttria stabilized zirconia (YSZ) has been the 

standard topcoat material for thermal barrier coatings (TBC). The shortcomings of YSZ 

have spurred the search for new materials and/or processing techniques. Al2O3 

coatings are traditionally deposited using feedstock of its stable polymorph, α–Al2O3; 

despite the availability  and low cost of metastable Al2O3 feedstock, the metastable 

Al2O3 feedstock is yet to be explored for wear applications. This thesis presents the 

study on coatings made of yttrium aluminium garnet (YAG) as potential alternative to 

YSZ for thermal barrier coating and Al2O3 coating produced from metastable Al2O3 

feedstock for wear application—all the coatings investigated were produced using 

high-velocity oxy-fuel (HVOF) thermal spray process for coating deposition with liquid 

feedstock. The liquid feedstock consists of suspensions and solution precursor 

injected directly into the combustion chamber of the HVOF gun. The wear performance 

of the Al2O3 coating produced from metastable Al2O3 feedstock was two order of 

magnitude better than those of thermally sprayed conventional Al2O3 coatings. The 

wear rate of the as–sprayed Al2O3 coating was 5.53 x 10–9 mm3 (Nm)–1  and 2.94 x 

10–9 mm3(Nm)–1 for the coating heat treated at 600 °C  

The residual stress of Al2O3 and YSZ coatings studied showed that X-ray diffraction 

technique is useful to understand the stress state of the top surface of thermal spray 

coatings; this is particularly useful for contact engineering applications including wear.   

It was also shown that the through thickness residual stress of a thermal spray coating 

can be reliably obtained using incremental hole-drilling technique. The average stress 
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state of the Al2O3 coating was compressive in both the longitudinal (-162 MPa) and 

transverse (-104 MPa) directions as against the tensile stress state in the YSZ coating 

which has 149 MPa in the longitudinal direction and 102 MPa in the transverse 

direction. The residual stress in a thermal spray coating was also shown to scale with 

the building block of the coatings. Another important finding was that thermal spray 

coating can be made of sintered particles which only undergo thermal softening.  

The YAG coatings investigated were produced from two feedstock: one from the 

stoichiometric solution precursor of the nitrates of aluminium and yttrium, the other 

from YAG suspension. The combination of thermogravimetric analysis, differential 

scanning calorimetry (TGA/DSC) and X-ray diffraction were used to show the 

mechanism of formation of YAG from the solution precursor. The YAG topcoat 

produced from the solution precursor was compared to a YAG coating produced from 

YAG suspension in terms of microstructure and thermal cycle life performance.  

The results of the coating formation mechanism provided the YAG formation 

temperature of the solution precursor under isothermal heating condition or rapidly 

varied heating during thermal spray process as well as the reaction enthalpies across 

the formation stages. The formation temperature of YAG obtained was ~940 °C while 

the overall reaction enthalpy was approximately +916J/g. The microstructure of the 

YAG coating made from the solution precursor and the one made from YAG 

suspension showed they were both built from lamella, however, the defects in each of 

the YAG coatings were different. Compared to the YSZ topcoat, the YAG coatings had 

better thermal conductivity (SP-YAG had < 1.0 W/m*K while S-YAG had ~1.7 W/m*K) 

at the elevated temperature investigated but the YSZ coating showed improved 

thermal cycling life.  
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Introduction 

1.0 Background 

Gas turbine engines are used in the aviation industry to propel jet engines and in the 

energy industry to generate of electricity. The performance of the turbine engine is 

hinged on how much it is protected against environmental degradation; the 

degradation could result from one or all of abrasion, erosion, wear, fretting, oxidation, 

corrosion and creep. Two of the measures of performance of the engine include 

efficiency and specific fuel consumption [1].  The efficiency of the turbine is directly 

related to temperature of the gas at the inlet to the gas turbine engine, turbine entry 

temperature (TET), while wear between the turbine rotating parts affects the specific 

fuel consumption of the engine. Increased TET provides for higher thermal efficiency 

of the turbine while reduced wear will engender decrease in the specific fuel 

consumption of the engine [2]. Both protection against wear and improved thermal 

efficiency can be achieved by depositing coatings onto the surface of relevant gas 

turbine engine parts—the former requires wear resistant coatings while the latter 

needs thermal barrier coatings. Thermal barrier coatings are applied to the surfaces 

of turbine blades, vanes, flow path cowl, jet pipe-liner and combustor of the gas turbine 

to ensure increased TET necessary for higher thermal efficiency of the turbine while 

the wear resistant coatings are applied to compressor blades and vanes, the dovetail 

root of the compressor blade that comes in contact with the disc during running as well 

as casings and seals [1].  

One of the routes for producing coatings used to protect metallic parts is thermal 

spray—it involves propelling melted or partially melted particles onto a surface 

sometime at hypersonic speed. Thermal spray coatings can be deposited from most 
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materials: primarily from rod, wire or powdered ceramic or cermet [3]. For instance, 

alumina (Al2O3) as a ceramic material is widely deposited as wear and chemical 

resistant coating [4] while yttria stabilize zirconia (YSZ) functions well as solid-oxide 

electrolyte in fuel cells [5] as well as in thermal barrier coatings (TBC) used in 

protecting turbine blades for aviation or power generation [6].  

The conventional route for the fabrication of thermally sprayed ceramic coatings 

involves injecting ceramic powder, in the size range of ~5–100 µm, into either the 

plasma arc, in the case of atmospheric plasma spraying (APS), or the oxy-fuel flame 

in the case of high velocity oxygen fuel (HVOF) thermal spraying [7].  However, both 

HVOF spray technique and APS have been shown to produce thermal sprayed 

coatings with varied density and microstructure depending on the deposition 

parameters [8] and the feedstock [9].  

The coatings being produced from the conventional route appears not to be providing 

the needed response for the future engineering applications in terms of wear and 

stability at high temperature [10]. Maurice Gell [10] had highlighted the potential of 

nanostructured materials as the needed advanced materials that may yield the 

coatings for the future engineering applications. In 2001, Gell et al. [11] reported the 

first nanostructured ceramic coatings with outstanding resistance to wear and 

cracking; the developed coating was thereafter endorsed by the Navy of the United 

State for shipboard and submarine applications. There was however further question 

on how to deploy nanometric size materials for thermal spray without compromising 

safety; this led to the research into the use of liquid media for the delivery of the 

nanometric materials. The outcome of the search has produced a new branch of 
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thermal spray—suspension and solution precursor thermal spray—though the new 

branch is still being developed.  

The research into suspension and solution precursor based thermally sprayed 

coatings was aimed at producing nanostructured coatings for enhanced performance 

in engineering applications. In the case of the suspension thermal spray process, sub-

micron to nanometric size solids is carried in aqueous or organic liquid to form the 

feedstock fed into plasma as in suspension plasma spray (SPS) [12] or into 

combustion gas in the case of suspension high velocity oxy-fuel (SHVOF) spray [13]. 

For solution precursor, inorganic salts containing the desired metallic and non-metallic 

ions are dissolved in water to form the precursor fed into either plasma as in solution 

precursor plasma spray [14] or combustion flame as in solution precursor HVOF spray 

[15]. 

1.1 Aim and objectives 

Based the literature review and the identified research gaps, the aim of this thesis was 

to develop different nanostructured ceramic coatings; part of the coatings to be 

developed will offer protection against wear while the other will function as thermal 

barrier coating for improved thermal efficiency.  The coatings investigated were 

deposited by high velocity oxy–fuel (HVOF) flame spray technique using different 

feedstock of ceramic suspensions in addition to solution precursor of inorganic salts. 

The following specific objectives were investigated: 

 HVOF spraying of suspensions of Al2O3, YAG, YSZ, and the stoichiometric 

solution precursor of Al(NO3)3.9H2O and Y(NO3)3.6H2O to produce YAG 
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 Microstructure of as–sprayed and heat treated Al2O3 coatings using electron 

microscopy (SEM and TEM) and X–ray diffraction. 

 Wear performance of as–sprayed and heat treated Al2O3 coating by dry sliding 

wear of like–on–like in reciprocating configuration. Microhardness and 

indentation fracture toughness were also measured to investigate the 

correlation between microstructure and wear performance of the coatings. 

 The residual stresses in Al2O3 and YSZ coatings using incremental hole-drilling 

technique and non-destructive techniques: X-ray and time-of-flight (TOF) 

neutron diffraction. The microstructure of the coatings was also studied in detail 

with SEM and XRD to rationalise the residual stress behaviour in terms of 

microstructure. 

 Formation mechanism of YAG from stoichiometric solution precursor of 

Al(NO3)3.9H2O and Y(NO3)3.6H2O using a combination of differential thermal 

analysis (TGA/DSC), Fourier transform infra-red (FTIR) and X–ray diffraction 

 Life cycle performance of thermal barrier coatings (TBC) with YAG and YSZ 

ceramic topcoats. The failure modes of the TBCs under thermal-cyclic loading 

along with thermal conductivities were also investigated. 

1.2 Scope of the thesis  

The thesis contains seven chapters split amongst Introduction, the literature review, 

methodology, results, conclusion, and future work—three of the seven chapters were 

dedicated to the results of the experimental procedures presented in the methodology 

chapter. Overview of the details in each of the chapters is presented below. 
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The details of relevant literature reviewed to identify knowledge gap was presented in 

chapter two; the literature review was concluded with identified knowledge gap. Aim 

and specific objectives was formulated to provide insight into some of the questions 

raised by the knowledge gap. Chapter three described the methodology employed to 

achieve the set aims of the thesis; succinct description of the equipment used for all 

experiments were provide together with the associated theory behind each of the 

methods.  

Chapters four through to six contained the results of the experimental details provided 

in chapter three to address the aim and outlined specific objectives given at the end 

of chapter one. Each of the result chapter contains detailed discussion of the results; 

summary of the findings was provided to conclude each of the chapters. The first result 

chapter, chapter four, provided the background to understanding the capability of 

HVOF spray technique to produce coatings from suspension feedstock. As such, 

chapter four was based on the study of the microstructure and wear performance of 

Al2O3 coating produced from the suspension of metastable Al2O3. In chapter five, the 

result of the study of the residual stress in suspension thermal sprayed coatings of 

Al2O3 and YSZ were presented. The work presented in chapter five was to provide the 

understanding for the mechanism of failure that would accompany the application of 

coatings produced based on the concepts in chapter four. Further use of the HVOF 

spray techniques was explored in chapter six. In chapter six the results of ceramic 

topcoats of YAG deposited from solution precursor and suspension compared with 

YSZ topcoat. A general conclusion and proposed future work were presented in a 

separate chapter in the end as chapter seven. 
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Literature review 

2.0 Introduction 

 

Surface engineering (SE) entails integrated techniques that offers specific treatment 

to the top or near surface of a component for improved surface-dependent 

performance and prolonged service life. Engineering the surface of a component may 

involve one or both of changing the microstructure and changing the composition of 

the near surface of the component. The success of a surface engineering process lies 

in effective use of the initial bulk materials surface characteristic details—the main 

classification for surface engineering processes is show in Figure 2-1. Engineered 

surfaces are tailored to resist corrosion, wear, chemical attack, ice formation, thermal 

degradation, enhance biocompatibility, electrical conductance, and charge storage 

better than their underlying bulk materials.  Engineered surfaces thus finds 

applications in homes (kitchen wares, bathtubs, etc.) and industry (transportation, 

power, electronics, etc.) where enhanced functionality and reduced degradation 

effects are sought.  
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Figure 2-1: Main classification processes in surface engineering [16] 

Surface engineering through the modification of the composition of the surface is of 

interest here; it is this route that involves the melting and deposition of materials to 

protect a surface. This route consists of many other sub-techniques like dipping, 

electroplating, vapour deposition and thermal spray [16, 17]. Desirable features of 

thermal spray coatings relate to the intended functional applications. Leading industrial 

users of thermal spray coatings is the aerospace, while other existing market include 

automobile, maritime and biomedical engineering. The generation of the coatings has 

been from the spraying of metal, cermet and/or ceramics—almost any material could 

be deposited by thermal spray processes [18]. Most of the materials deposited are in 

of the form of a rod, wire or powder fed into a plasma or a combustion gas as in a 

flame spray of a high velocity oxy-fuel (HVOF) thermal spray [3]. Thermally generated 

coatings are expected to have functional characteristics that matches with structural 

and microstructural features discernible through established techniques. Such 



8 

 

function–property relationship is essential for the fundamental understanding behind 

coating performance [19].  

Recent efforts towards the enhancement of coating performance are potentially being 

sought in nanostructured coatings. deposited from solution precursor and sub-micron 

to nano sized materials carried in liquid media [10] or agglomerated powder particles 

[20]. For instance, nano-structured Al2O3 based ceramic coatings have benefits over 

their conventional counterparts including enhanced adhesive strength (65–70 MPa) 

[21], resistance to crack growth [11, 22], and excellent wear performance [11, 23]. The 

improved wear performance of nanostructured coatings is linked to the improved 

hardness and fracture toughness of the coatings [24]—this is because the fracture 

toughness and hardness have inverse relation with the square root of the particle size 

of the feedstock due to Hall–Petch effect [25]. 

 Industries rely on the advances in surface engineering for some of the required 

innovation to drive performance. The aviation sector specifically looks forward to 

progresses made in thermally sprayed coatings to ensure higher inlet turbine 

temperature for improved thermal efficiency and reduced wear between contacting 

rotating surfaces to cut-down specific fuel consumption. For this purpose, thermal 

barrier coatings are applied to the surfaces of turbine blades, vanes, flow path cowl, 

jet pipe-liner and combustion chamber. Similarly, parts of the turbine engine which 

rotates in contact with other parts are protected against wear using wear resistant 

coatings. Common parts of the turbine engine with wear resistant coatings include the 

joints of the variable stator vanes, compressor blades, the dovetail root of the 

compressor blade that comes in contact with the disc during engine operations as well 

as casings and seals [1].  
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In many of the cases where thermal spray coatings are applied for protection against 

wear, a like-on-like procedure is implemented—i.e., the contacting surfaces will have 

coatings of the same type materials deposited onto the individual component surfaces. 

Combustor spring clips, often used between the combustor liner and the transition 

duct, is subjected to sliding motion resulting in local component wear which can be 

forestalled by the use of wear-resistant coatings. The choice of wear resistant 

materials is often governed by the operating temperature of the components. For 

instance, tungsten carbide (WC-x) based coatings  are used at temperatures under 

540 °C [24], chromium carbides (CrC-y) are used for temperatures of up to 815 °C 

while alumina (Al2O3) based coatings can go up to 1100 °C [1]. 

2.1 Thermal spray processes with liquid feedstock 

Thermal spray process with liquid feedstock describes a family of surface modification 

processes (Figure 2-2) where submicron to nano size materials of metal and/or non-

metal get heated and propelled on to a substrate forming layers of stacked lamellae 

(Figure 2-3) [21, 26]. The microstructural and other salient properties of the formed 

coating would be significantly influenced by the starting materials and spray 

parameters which are numerous and could be complex [21]. The obtained coating is 

aimed at improving the performance of a component functionalizing its surfaces for 

varying applications [18]. The surface modification of manufactured components that 

now have enhanced resistance to corrosion, wear, fatigue, amidst other such surface 

degradation has engendered novelty in materials applications [21]. Stringent design 

specifications could be met using thermal spray coatings while keeping the budget low 

yet maintaining quality [21]. Thermal-spray techniques has grown from yielding 

coatings of tens of micron-meter (µm) [27] to few millimeters (Figure 2-4) [18].  
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Thermal spray developed from the emergence of powder metallurgy, a consolidation 

manufacturing route and paint production, though incongruent fields, both use 

particles as starting material. The ineffectiveness and high cost of production of 

powder required for the powder metallurgy processing led to the introduction of melt 

spraying in the late 19th century [27]. Dr Max Ulrich Schoop (Zurich, Switzerland) and 

co. built on these principles to make coatings on substrates by developing equipment 

that melt and propel powdered metals. The effort yielded patents besides adding to 

the knowledge of surface engineering that now includes processing techniques 

involving the spraying of melted materials (Figure 2-2) as protective coatings and 

repair of components [18, 27] 

 

Figure 2-2: Classification of thermal spray techniques, with the acronyms meaning: HVOF 

(high-velocity oxygen fuel), D-gun (detonation gun), APS (atmospheric plasma spray), VPS 

(vacuum plasma spray), LPPS (low-pressure plasma spray), CGSM (cold gas spraying 

method), HVAF (high-velocity air fuel) and WS (warm spray) [18]  
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Figure 2-3: Schematic representation of thermal spray process [18] 

 

Figure 2-4: Comparison of coating techniques using deposit thickness and substrate 

temperature [18] 

Thermal spray techniques/coating systems could be classified based on the deposition 

mode/heating source. This would put the techniques into three sub-families of coating 

systems. [7, 18]. The first category would generate heating energy via combustion of 

fuel (hydrogen-H2, ethyne-C2H2, ethane-C2H4 and propane-C3H8) [28] and it is the 
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oldest since 1910s, now referred to as flame spray techniques. The second group 

uses electric arc of direct current type or pulsating in melting even metals of higher 

melting point. The most recent approach developed since 1980s use no electric 

energy nor flame or uses low-temperature combustion. It sought to deposit materials 

with their original features intact. It does so at low degree of oxidation (warm spray 

and air-fuel system) or without melting (solid-state spraying) [7, 18].  

Classifications could also result from spray techniques meeting unique technical 

and/or economical needs such as productivity, controlled environment, sprayed 

particles’ mobility and coating characteristics [7]. That needs birth invention is further 

buttressed by the advancement in thermal spray feedstock and equipment. After World 

War II, aerospace industry did require more robust and durable engine component 

parts [18] to meet yet increasing civic and security demands. This progress is in part 

due to enhanced testing methods/diagnostic tools [19, 29], process optimization, 

modelling, nanotechnologies and environmental requirements [18]. 

The choice of coating technique by clients and coating makers is often influenced by 

any or all of coating thickness, in-situ substrate temperature, and feedstock. These 

key parameters vary among the coating techniques currently in use in the industry 

(Figure 2-4) and would influence the robustness of coatings based on oxide contents, 

porosity and bond strength [18, 28]. Similarly, the industrial adoption of a coating 

technology is influenced by the availability of necessary equipment with guaranteed 

operational safety [30]. 

So far, two of the many thermal spray techniques have been used to spray liquid 

precursor feedstock. Succinct descriptions of the two techniques are presented in the 

following subsections.  
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2.1.1 High-velocity oxygen fuel (HVOF) 

High velocity oxy-fuel as it is otherwise called makes coatings by melting feedstock 

delivered by a carrier gas (N2 or Ar) radially or axially. The heat source is from a 

pressurized chamber where continuous combustion of oxy-fuel mixture occurs. This 

fuel could be gas or liquid (kerosene). HVOF has been recognized as an efficient, cost 

effective technique to make coatings of significant bond strength [18, 31]. It is thus 

becoming a standard for depositing ceramic-metallic coatings (cermet) materials like 

WC–Co. Its stand-off distance is in the range of 150–300 mm [7, 18]. No protective 

atmosphere is required, and powder feedstock sizes typically are in the range of 5–45 

µm. 

2.1.2 Plasma Spray (PS) 

Plasma spraying constitutes a family of thermal spray techniques operated in the open 

or in a controlled space—a low pressure or vacuum chamber. A non-transferred 

electric arc generates heat to ionize a stream of gas to achieve in-flight melting of 

radially supplied feedstock (20–90 µm size range) and propel the melts to coat a 

substrate [32]. The ionizing temperature at which plasma is generated could be above 

7000–8000 °C and at atmospheric pressure. Where two gases are used, one stabilizes 

the plasma (usually Ar or N2) and ensures accelerated flow of gases and feedstock 

and the other (H2 and He) improves heat transfer to the particles. The following gas 

mix has been reported: Ar–H2, Ar–He, Ar–He–H2, N2, and N2–H2 [32]. 
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Figure 2-5: Class of Plasma Spray 

The classification of the plasma spray processes (Figure 2-5) is based on the 

operating environment or mode of plasma generation [33]. If done in the open it is 

referred to has atmospheric plasma spray (APS) and if in controlled space, low 

pressure plasma spray (LPPS) or vacuum pressure plasma spray (VPS). When 

deposition is done underwater, it is referred to as under water plasma spray (UPS) 

which may be dry or wet method depending on how the processing space is covered 

[7]. APS, UPS and LPPS/VPS uses electrodes in generating plasma while vacuum 

induction plasma spray (VIPS) otherwise called radio frequency induction plasma 

spray (RF-PS) is an electroless process [32, 33]. In the electroless plasma process, 

electromagnetic coupling of energy into the discharge cavity occurs producing high 

volume, low-energy density, and low velocity (10-100 m/s) plasma with bulk 

temperatures in a typical range of 6,000–9,000 K. This process also allows internal 

axial injection of powder or suspension into the discharge cavity [33]. By implication, 

it could be used to spray submicron to Nano metric sized feedstock. 

The quality of the coatings obtained using any of these techniques would be influenced 

by characteristics of the feedstock and spraying device. [33] Typically, APS though 
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offers up to 50 % deposition efficiency [32]. APS coatings could have oxide 

contaminations from reactions of melts and entrained atomic oxygen from surrounding 

air while VPS plasma jet yields very dense and oxide-free coatings [32, 33]. Plasma 

coatings could undergo post deposition treatment using any of the following: furnace 

annealing, laser treatment, sealing with organic and inorganic sealants, spark-plasma 

treatment [7]. 

2.2 Solution precursor and suspension for thermal spray 

2.2.1 Essential characteristics of solution precursor and suspension for thermal spray 

2.2.1.1 Solution precursor 

The solution precursors used in the thermal spray of coatings consist of the salt of 

metals—it often contains the trioxonitrate (–NO3) or the carboxylate salts with general 

formula M(RCOO)n–M is a metal, R is an organic compound and n is the number 

carboxylate group in the compound [34]. The salts selected contains the metal whose 

oxide is desired for a coating; aluminium triacetate (Al(CH3COO)3) has been sprayed 

to produce Al2O3 coating [35] while both zirconium tetraacetate (Zr(CH3COO)4)/yttrium 

trinitrate (Y(NO3)3) [36] and zirconium oxynitrate (ZrO(NO3)2)/yttrium trinitrate 

(Y(NO3)3)[37, 38] have been sprayed to produce both 7YSZ (ZrO2+ 7 wt. % Y2O3) and 

8YSZ (ZrO2+ 8 wt. % Y2O3). The solution precursors contain additives—ethanoic acid 

has been used in precursors for Al2O3 [35] and YSZ [36] coatings.  

2.2.1.2 Suspension 

A mono or multiphase system of dispersed materials usually in a continuous medium 

is termed colloid. The dispersed phase would be in a size range of nanometer to the 

micrometer scale. Suspension is a colloidal system of solid particles dispersed in 
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aqueous or organic liquid. The size scale of materials in suspension implies high 

surface/volume ratio; this can affect the stability of the suspension if the particles 

agglomerate. Instability would mean coagulation or agglomeration of particles, while 

the former would not be spray able the latter would yield coatings with defects [39]. A 

stable suspension is required for coating deposition.  

The obvious advantages of spraying nano- to submicron sized particles in stable 

suspensions should spur widespread use in the industry but their commercial supply 

is limited. Besides, available suspensions have limited compositions and size 

distribution, where however multimodal mixture exists stability is an issue [39-41]. 

Custom made suspensions can be prepared to achieve bimodal or multimodal size 

distribution in which nano sized powders are mixed with submicron- or micron-sized 

particles. 

Suspension feedstock is prepared by mixing solid particles of the material to be 

deposited with or aqueous or organic liquid in a predetermined proportion—with or 

without additives. The main role of the additives is to ensure stability either 

electrostatically or sterically. The former is achieved using inorganic agents (usually 

acid or alkaline, depending on the pH of the medium) while the latter would require 

polymeric additives, otherwise called dispersants [42].  

The required features of suspension for effective spray run include such 

characteristics as would allow: 

 It to remain stable for the time of processing. 

 Uninterrupted delivery to spray torch 

 Effective injection with or without atomizer into flame/jet 

 Non-intense cooling of jet/flame. [39, 42] 
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A crucial step in the spraying process is the feedstock injection/atomization and it has 

been shown to influence coating properties significantly [43, 44]. Its influence is 

however connected to the suspension properties [44] as discussed in the next 

subsection. 

2.2.2 Spray requirements and properties of liquid feedstock: solution and suspension 

Essential properties usually measured for spray suspension could include particle 

loading (volume or weight % concentration), pH, zeta potential/iso-electric-point (iep), 

viscosity, surface tension, density, and stability, particle size distribution (PSD) and 

specific surface area (Ss). These properties are influenced by the quantity and type of 

materials in use. Researchers have demonstrated the interdependence of some or all 

these properties. While solid particle loading would impact on the viscosity and surface 

tension of the suspension the remaining properties would affect its stability in storage 

or during processing [39, 45, 46]. These properties are rarely measured for solution 

precursors [34].  

The overall effect of suspension formulation vis-à-vis its properties connects with the 

coating properties through the atomization process. The atomization step impact on 

the suspension droplets that mix with the flame/jets determining the molten droplet 

size. The size of the molten droplets could correlate with grain/splat sizes which could 

further influence measurable properties of the coating. [43, 44] The behaviour of liquid 

feedstock during atomization is often characterized by some dimensionless numbers 

viz: Weber number (We) [47], Reynolds number (Re) [44] and Ohnesorge number 

(Oh) [48, 49]. Equations 2-1 to 2-3 describe the three dimensionless numbers. 

𝑅𝑒 =  ------------------------------------------------------------ Equation 2.1 
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𝑊𝑒 =  ---------------------------------------------------------- Equation 2.2 

𝑂ℎ = =   --------------------------------------------------- Equation 2.3 

Where 𝜌  and 𝑢  is the density of the fluid and relative speed of the suspension to the 

surrounding medium, respectively. The viscosity of the suspension and the surface 

tension are also denoted by 𝜂  and 𝜎  accordingly. The internal diameter of the injector 

nozzle represents the diameter of first-order suspension drop corresponding the 

characteristic length d in the equations. Essentially, Re relates fluid inertia to viscosity 

and 𝑊𝑒 gives the relation of inertia to surface tension (𝜎) which describes the 

resistance of suspension drops to increased surface area accompanying atomization 

process [44]. The atomization of the injected suspension has two breakup stages viz 

deformation and flattening (first stage, We < 12) and the second stage could have 

three different regimes depending on the prevailing 𝑊𝑒: bag breakup (12 < We < 80), 

stretching and thinning breakup (80 < We < 350) as well as catastrophic breakup 

respectively We ≥ 350 [50]. While it is important to understand the atomization regime 

of the injected liquidised feedstock, as caused by the spray parameters of a coating 

deposition process; atomization will not be investigated as part of the scope of this 

thesis.  
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Figure 2-6: Droplet break up and atomization with the hydrodynamic criteria [51] 

2.2.3 Properties of Sub-Microns and Nanostructured Al2O3 Suspension 

Al2O3 like other materials could be dispersed in aqueous and/or organic medium to 

form suspension [42, 52]. Al2O3 suspension properties viz PSD, stability, viscosity, 

zeta potential, surface tension cum spray-ability is governed by colloidal principles. 

These properties could be affected by one or all of pH, particle loading and the action 

of dispersants [53, 54]. Submicron sized and nano Al2O3 suspension properties has 

been studied in relation to the suspension constituents by various groups and some 

of their findings would be presented following paragraphs. 

Singh et al. [53, 54] studied submicron sized aqueous alpha Al2O3 suspension. The 

effect of pH on PSD, viscosity, zeta potential and stability of the suspension was 

investigated. Changes in the suspension pH from acidic towards alkalinity while 

maintaining 5 volume % concentration caused decreased stability as particles 

flocculates and viscosity increased. These results obtained without dispersants 

suggests suspension with low particle loading (volume %) could have optimum stability 

in the acidic pH range (Figure 2-7a and 2-7b). However, higher particle loading up to 
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20-50 volume % would require dispersants without which stability may not be optimum 

though Singh et al. [54] shows that it is possible to have a stable suspension with 

particle loading up to 25 volume % without any dispersant.  

 

 

Figure 2-7: Variation of dispersion volume and viscosity with pH [53] 

 

Similarly, the zeta potential of the suspension is influenced by pH variation with or 

without dispersants. Zeta potential being electrical potential gradient due to shear as 

particles move through a liquid medium [39] depends on the particle surface charges. 

The pH at which the zeta potential is zero is known as the isoelectric point (iep). Zeta 

potential values above or below iep would imply mobility of charged particles and a 

measure of the stability of the suspension. A suspension of Al2O3 could be stable 

having a non-zero zeta potential without pH modification or addition of dispersants just 

due to the surface charges of the suspension particles. The charge density on 

hydrated Al2O3 particles in suspension is however due to adsorption or desorption of 

𝐻  or 𝑂𝐻  ions being an amphoteric oxide, where surface concentration of 𝐻  and 

𝑂𝐻  equates electrostatic equilibrium is established and particle mobility is stalled the 

isoelectric point is reached and zeta potential goes to null (Figure 8). [54]  
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Figure 2-8: Variation of zeta potential with pH [54] 

Sarama et al. [55] shows the effect of particle loading on specific surface charge and 

pH of Al2O3 particles in suspension. Increasing particle loading resulted in reversal in 

surface charge from positive to negative and the point of inflexion was 16.5 wt. %. This 

in turn led to increasing pH value making the medium alkaline remaining constant at 

a pH of ~ 9 (Figure 2-8).  

The scenario was attributed to reduced ionic strength of the medium as 𝐻  get 

consumed as the added solids get hydrated (Equation 2.4).  

𝐴𝑙𝑂𝐻 + 𝐻 ⇄ 𝐴𝑙𝑂 + 𝑂𝐻 ----------------------- Equation 2.4 [54] 

The implication of this includes tendency for agglomeration as the pH approaches the 

iep in agreement with the findings of Singh et al. [54]. Under such conditions, the 

addition of dispersants would increase surface charges of the suspension particles in 

this case making it more negative so much that the iep shifts to the left (Figure 2-9). 

The mutual repulsion among the particles now increases due to further adsorption of 
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negatively charged dispersant ions on to Al2O3 particles there by enhancing 

dispersion. [53, 54]. 

 

Figure 2-9: Variation of specific surface charge and pH of Al2O3 with particle loading [55] 

However, for effective injection/atomization of suspension into flames/plasma jet it 

must satisfy some flow requirements. Where increased particle loading is desired, the 

corresponding viscosity increment may impact on spraying process.  Another 

important point to take into consideration is that for an easier liquid injection, the 

viscosity of the suspension or the solution must remain as close as possible as that of 

the solvent.  

2.2.4 Coating formation mechanisms in liquid precursor thermally sprayed coatings 

Conventional thermal spray uses solid feedstock to produce coatings for different 

applications and specific functionality. The feedstock materials are such as stable for 

thermal spray conditions [18]; they have been majorly powders, rods, wires [7]. 

However, the need for safe and effective methods in producing nanostructured 

coatings engendered the use of suspensions and solutions. This idea to spray liquid 

feedstock came from spray pyrolysis—a technique used in ceramic powders 

production [42]. The use of liquid carriers in spray coatings allows varying thickness 
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of depositions as may be desired for different applications [56]. Both plasma spray and 

HVOF spray processes have been tried for suspension and solution feedstock. 

Electroless radio frequency induction plasma spray (RF-PS) set-up has been used to 

spray suspension—otherwise called suspension plasma spray (SPS) [57]. Electrode 

based plasma processes have been used to spray solution precursors; the process 

has been named solution precursor plasma spray (SPPS) [34]. SPS coatings have 

reduced chances of contaminations from electrodes as against SPPS which is 

electrode based. mainly for thermal barrier coatings (TBC) solid oxide fuel cell (SOFC). 

While the choice of suspension or solution precursor depends on the material to be 

processed, the following subsections focus on preparation and salient features of 

suspension-based feedstock. 

2.3 Thermally sprayed Al2O3 coatings 

2.3.1 Microstructure of thermally sprayed Al2O3 coatings 

The microstructure of coatings evinces the extrinsic properties such as the build-up 

(splat layers), inclusion (partially melted, unmelted, re-solidified particles) and defect 

features like cracks (intra- and inter- splat), pores (of globular, interlamellar and 

interlayer types) and voids—see Figure 2-10. Splats are usually attributed to molten 

particles; however, the contact forms in-between the overlaid splats with or without 

inclusions would define the nature of a particular coating. The extent to which all or 

some of the listed features are present in a coating often influence its overall 

characteristics and functionality [58-60].  
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Figure 2-10: schematic showing the build-up of typical thermal sprayed coating [61] 

 

Apart from cracks which often result due to the thermal mismatch between the coating 

and the substrate during cooling, the contact formed amongst the overlaid splats would 

also create defects like pores and voids. Pores of interlamellar and globular types are 

presumed to result from one or all defective contacts between overlaid splats and 

entrapped partially molten particles or gas [61-66]. Differently, the aforementioned 

coating features are not unconnected to the processing technique or the processing 

parameters used in the deposition of the coating [20, 47, 63, 67, 68]. More so, the 

characteristics of the feedstock employed in the coating deposition also influences the 

coating microstructure features [44, 69-71].  

Coatings produced using suspension have reduced surface roughness compare to 

coatings from conventional processes of HVOF or APS; the Ra value for the coatings 
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made from suspension are in the range of 1–3 μm [30]. This is true when the 

suspension so sprayed is water based; the Ra value of 8–9 μm was obtained when a 

suspension with organic medium was used [72].  Al2O3 coatings produced from 

suspension also have denser microstructure; the porosity can be as low as ~2 % 

compare to ~5 % in HVOF Al2O3 or ~9 % in APS Al2O3 [73]. It should, however, be 

mentioned that when the suspension was isopropanol based, the porosity was above 

30 %. 

2.3.2 Phase stability in thermally sprayed Al2O3 based coatings 

The structure of thermal spray coatings refers to the crystalline forms, phases or 

polymorphs of sprayed materials obtainable when materials undergo thermal spray 

processing [74]. Some of the polymorphs of Al2O3 reported in the literature including 

corundum, its stable phases are listed in Table 2-1. The polymorphism in Al2O3 has 

been attributed to varying stacking sequence of ionic oxygen layer (FCC or HCP) and 

the distribution cum ordering of aluminium ions on its tetrahedral and octahedral sites. 

Table 2-1: Description of Al2O3 polymorphs [75] 

S/N Polymorphs 
Crystal structure Lattice parameters 

FCC HCP a (Å) b (Å) c (Å) 

1. 𝛼-Al2O3  trigonal 4.75  12.97 

2. 𝜂-Al2O3  cubic 7.9 7.9 7.9 

3. 𝜅-Al2O3  orthorhombic 4.69 8.18 8.87 

4. 𝜒-Al2O3 hexagonal  5.56  13.44 

5. 𝛾-Al2O3 cubic  7.9 7.9 7.9 
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6. 𝜃-Al2O3 monoclinic  1.5 𝑎  𝑎
√2

4
 𝑎

√2

2
, 𝛽 = 104° 

7. 𝛿-Al2O3 
Tetragonal 

 
 𝑎  𝑎  3𝑎  

8. 𝛿∗-Al2O3 Orthorhombic  𝑎  1.5𝑎  2𝑎  

 

 

Figure 2-11: Schematic representation of the transformation amongst Al2O3 polymorphs [76]  

The metastable polymorphs are often referred to as transition phases and the 

commonest of them are γ–, δ–, and θ– Al2O3 [77-80]. Thermal spray is one of the 

routes for obtaining transitional polymorphs of Al2O3 [79, 80] other than thermal 

oxidation of aluminium salts [75], rapid quenching of melts, dehydration of oxide and 

hydroxide of aluminium (see Figure 2-13), vapour deposition and heat treatment of 

amorphous Al2O3 [75, 77, 79, 80]. Structural characterization in thermal spray coatings 

has been through one or combination selected area electron diffraction (SAD/SAED), 

x-ray diffractometry (XRD) and thermal analysis (differential thermal analysis-DTA, 

differential scanning calorimetry-DSC, and thermal gravimetric analysis-TGA) [77]. 
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The microstructure of coatings consists of regions of overlaid splats and those of 

adjoining splats, respectively; adjoining splats can be separated by inter-splat 

microcrack(s). Each of the regions can differ even in crystal structure as they appear 

to have cooled at different rates. C-J Li et al. [81] demonstrated these with plasma 

sprayed Al2O3 coating using SAD; coatings areas in the region dominated by adjoining 

splats contains crystalline γ–Al2O3 (see Figure 2–12) as against the region of overlaid 

splats which are amorphous (see Figure 2–13).  

  

Figure 2-12: (a) Bright-field TEM image of APS-sprayed alumina coating showing region of 

adjoining splats; (b) SAD pattern of the region marked “A” in (a); and (c) SAD pattern of the 

region marked “B” in (a). [81] 
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Figure 2-13: (a) Bright-field TEM image of APS-sprayed alumina coating showing region of 

overlaid splats; (b) SAD pattern of the region marked “A” in (a); and (c) SAD pattern of the 

region marked “B” in (a). [81] 

2.3.3 Wear performance of thermally sprayed Al2O3 based coatings  

Surfaces rubbing against each other often experience wear in one or both of the 

surfaces [82]. In turbine engines, wear manifests as erosive, sliding, and fretting wear; 

wear of the fan and compressor in the turbine engine often leads to increased specific 

fuel consumption [2]. Protection against wear has been studied for thermally sprayed 

powder of the carbides of transition metals (WC, Mo2C, TiC, Cr3C2, TaC, NbC) and 

three oxides of the transition metals—Al2O3, TiO2, and Cr2O3 [83]. Al2O3 suspension 

has been successfully processed for nanostructured coatings studied for wear 

applications. The average sliding wear rate of Al2O3 coating deposited from 

suspension with HVOF is in the order of 10–6–10–5 mm3(Nm)–1 [21, 84, 85]. Such 

coating contains mostly γ–Al2O3 phase in the as-sprayed form whilst coatings 

containing mostly α–Al2O3 exhibit sliding wear rates up to two orders of magnitude 

lower at 10–7 mm3(Nm)–1, despite typically having lower porosity [85]. The wear 

resistance of coatings is known to increase with higher fracture toughness—the 

fracture toughness of a material represents it resistance to crack growth [86]. It is 

generally accepted that thermal sprayed coatings containing α–Al2O3 typically have a 



29 

 

higher indentation fracture toughness (~1–5.5 MPam0.5) compare to a coating with 

more γ–Al2O3 which have fracture toughness between 0.5–2.0 MPam1/2; the high 

fracture toughness engenders improved wear performance in the coating [85]. The 

fracture toughness is such relevant to wear performance because the pull-out failure 

mode in ceramic coatings will be preceded by crack initiation and propagation withing 

the microstructure of the coating. However, in most cases it is challenging to retain the 

α–Al2O3 phase whilst achieving a low porosity content in the coating (~2–4 %) [9, 84, 

87]. Low porosity can be achieved by increasing the temperature or velocity of the in-

flight powder particles, but this can also induce melting. Melting of the feedstock in 

thermal sprayed Al2O3 coatings will nucleate γ–Al2O3 from α–Al2O3 melt at the 

substrate surface [21, 88]—as γ–Al2O3 is the most energetically favourable crystalline 

phase [89].  When depositing thermally sprayed Al2O3 coatings, there exists a trade-

off between retaining the more desired α–Al2O3 phase and reducing porosity in the 

coating. 

The mechanism of wear exhibited by Al2O3 coatings has been related to the coating 

porosity, the quantity of the α–Al2O3 phase retained in the coating as well as the 

coating fracture toughness. Porous coatings have been shown to have reduced wear 

performance compare to dense coatings; this the superiority HVOF based Al2O3 

coatings have over APS based Al2O3 coatings [90]. The porosity in coatings engenders 

the wear mechanism such as grain pull–out which often accompanies brittle fracture; 

this puts the wear in such coatings in the severe wear regime. The predominant wear 

mechanism in coatings with retained α–Al2O3 phase is the plastic flow where the wear 

trach shows smooth surfaces characteristic of a mild wear as against the rough 

surface in a severely worn surface [85, 88, 90]. Figure 2–14 shows examples worn 
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surfaces with evidence of pull–out and plastic flow for severe and mild wear regimes, 

respectively. 

 

Figure 2-14: Scanning electron micrographs of wear track top surfaces showing (a) pull-out 

(b) plastic flow region [88] 

2.4 Residual Stress in Thermally Sprayed Ceramic Coatings 

Stresses are generated in coatings deposited by thermal spray processes due to the 

processing technique. Residual stress is the inherent stress in a material keeping it at 

equilibrium when unloaded [91]. The overall performance and lifetime of coatings are 

subject to the magnitude and nature of their residual stresses [92]. The nature of the 

residual stresses found in thermally sprayed coatings are primarily due to either the 
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deposition process or property mismatch between the coating and the substrate. The 

deposition process builds quenching and the peening stress in case of HVOF thermal 

spray; the property mismatch yields the thermal stresses. The peening stress 

developed due to the impact velocity of unmolten or partially molten particles impinging 

overlaid splats. The quenching stress developed as splats reach thermal equilibrium 

with underlying splats or substrate while the thermal stress formed from the cooling of 

the coating and the substrate—this may preclude thermal gradients [93]. The 

quenching stress is tensile and process specific—its magnitude increases with inter-

pass coating thickness and inter-lamellae bond strength [21]. The magnitude of 

quenching stress reduces by through thickness yielding as splats spread, intra- and 

inter- splat micro cracking and interfacial sliding [93]. The peening stress is 

compressive giving its mode of development—its magnitude can also be reduced by 

the formation of micro-cracks [94]. The thermal stress, however, can be tensile or 

compressive depending on the thermal expansion coefficients (CTE) of the coating 

and the substrate. The contribution of the thermal stress can be minimized if the 

substrate/coating CTE ratio is approximately unity—this will reduce the mismatch 

strain (see Equation 2-5).  

𝜀 = − 1 𝛼 ∆𝑇 --------------------------------------------- Equation 2.5                                                                         

ɛ is the mismatch strain; ΔT (°C) is the temperature change across the coating 

thickness; αc and αs are the thermal expansion coefficient of the coating and the 

substrate, respectively. 

Residual stress measurement techniques vary in their accessibility and precision they 

include diffraction techniques (neutron and X-ray), curvature method, focus ion beam 

milling, hole-drilling and digital image correlation—neutron diffraction technique 
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offered the deepest non-destructive penetration measurement. These techniques 

measure residual stress in bulk materials and coatings [95]. Thermal spray coatings 

consist of splats and defects of different types and can have different degree of 

crystallinity and amorphous contents. None of the residual stress measuring 

techniques provides enough information on the contribution of each of the thermal 

spray coating constituents.  

The X-ray based non-destructive diffraction technique rely on the dominant crystalline 

phase in a coating, to calculate its residual strain or stress [96, 97]. The residual stress 

measurement relies on the relationship between a measured diffraction angle θ and 

the lattice spacing of the identified crystalline contents of the coating. The residual 

stress is analysed from the shifts in the peaks of a strained sample based on the sin2ψ 

method—the lattice strain (εφ,ψ) for a biaxial stress state is given in Equation 2-6 [98, 

99].  

𝜀 , = 𝑠
{ }

𝜎 𝑠𝑖𝑛 𝜓 + 𝑠
{ }

𝜎 + 𝜎  ----------------------------------------  Equation 2.6 

𝜀 , =
∆ ,

,             𝑠
{ }

= ,             𝑠
{ }

=  ----------------------------- Equation 2.7 

Equation 2-5 is based on the coordinate system shown in Figure 2-15; for a thin 

sample, the components normal to the plane of the sample are negligible. The share 

stress terms were also neglected as the sample is oriented to obtain zero share stress 

so that the directional stress components σxx and σyy are obtained as the principal 

stresses. S1,2{hkl} represents the X-ray elastic constant of the sample; the equivalent 

equations which relates the elastic constant to the Poisson’s ratio and the elastic 

modulus for an isotropic material are given in Equation 2-6. Combining Equation 2-6 

and 2-7, it can be shown that: 
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𝜎 = ∗
∆ ,

 
𝑥  ------------------------------------------ Equation 2.8 

 

Figure 2-15: Schematic for the coordinate system of the sin2ψ method [100] 

Equation 2-8 gives an approximate solution for the sin2ψ method; the term in the 

bracket represents the slope of a plot of interplanar spacing (dφ,ψ) against sin2ψ, d0 

denotes the intercept on the vertical axis while σφ is the stress in a direction on the 

surface of the sample. Other non-diffraction based residual stress measuring 

techniques rather provide the stress in the coatings as a bulk contribution of its 

constituents [101, 102]. Incremental hole-drilling—a quasi-non-destructive 

technique—can profile the residual stress of a coating. The incremental hole-drilling 

method measures residual stress through the elastic material relaxation in a sample 

as it undergoes stepwise drilling; the set-up of a typical incremental hold drilling is 

shown in Figure 2-16.  
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Figure 2-16: (a) Incremental hole-drilling set-up (b) schematic of the step wise cutting through 

a sample [103] 

The stepwise drilling distorts the stress field as materials get removed the remaining 

material deforms elastically to rearrange the residual stress field to achieve a new 

equilibrium. The measurement of the deformation around the drilled hole is used in the 

calculation of the underlying stresses before the removal of the material [104]. A major 

advantage of this technique is its commercial availability, and it has been used by 

industry practitioners for quality assurance. 

The residual stress in coatings can also be measured using the combine curvature of 

the coating and the underlying substrate as a composite. The curvature method can 

be based on the elastic or plastic deformation of the composite specimen as well as 

the elastic-plastic response of the composite specimen [105]. The curvature of the 

sample can be monitored using either laser beam or full-field optical technique. 3D 

digital image correlation (DIC) technique is an advanced full-field optical technique; it 

uses dual camera to make images of the top surface of an object before and after 

deformation. The process of taking the image of an object simultaneously with two 

cameras is called binocular stereovision (Figure 2-17(a)); the images taken are used 

for 3D reconstruction of the object to be studied. Triangular meshes are then 
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generated from the images of the deformed and the undeformed states of the object 

for finite element analysis (Figure 2-17(b)). The finite element analysis yields the strain 

in the object based on the triangular elements obtained from the mesh.  

 

Figure 2-17: Schematic representation of a typical 3D digital image correlation (DIC) method 

for residual stress measurement showing (a) typical point P on a surface and its images P1 

and P2 through the optical centres C1 and C2 of the two cameras respectively (b) 3D strain 

field showing mesh elements of the deformed and the undeformed state of the object [106] 

HVOF thermal sprayed Al2O3 coating from micron size powder and spray dried nano 

powder was reported by Bolelli et al. [97]. The magnitude of the X-ray diffraction 

residual stress in the coating from the nanostructured powder was higher (136 MPa) 

as opposed to 116.5 MPa from the micron size powder—although both coatings 

remained tensile. In a different work, Bolelli et al. [9, 21] measured the residual stress 
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of HVOF sprayed Al2O3 coatings deposited from alcohol-based suspension using 

incremental hole-drilling technique—the coatings show tensile and compressive 

stresses.  In the first work [9], the author linked the nature of the stress in the Al2O3 

coating to deposition efficiency. Coating deposited from suspension with large 

agglomerates (D50 = 18.3 µm) has the least deposition efficiency with compressive 

stress profile averaging (–184 MPa). Two other coatings from suspension of smaller 

agglomerates (D50 = 1.52 µm and 2.89 µm) are thicker due to increased deposition 

efficiency; the residual stress profile was tensile with average of 18 MPa and 60 MPa, 

respectively. In the second work [21], the residual stress profile of Al2O3 coatings 

deposited from Al2O3 suspension of micron size particles (D50 = 1.26 µm) and another 

of sub-micron size particles (D50 = 0.55 µm) using different spray conditions specified 

by combustion chamber length and suspension injection mode (gas atomized and 

mechanical injection) were compressive. Even so, with the same combustion chamber 

length (22 mm) and the same suspension, a change in suspension injection mode 

changed the coating microstructure with accompanied increase in the compressive 

stress in the coating—the coating made with mechanical injection has –132 MPa while 

the other made with gas atomized injections has –238 MPa.  

The residual stress in YSZ coatings varies in nature and magnitude depending on the 

processing route viz–a–viz deposition process, feedstock, whether powder or liquid, 

as well as the nature of the deposition surface. The nature and magnitude of residual 

stress in atmospheric plasma spray (APS) YSZ coating measured by X-ray diffraction 

was tensile with magnitude of 5–25 MPa [98] as opposed to 35–91 MPa of SPS 

coatings reported by Macwan et al. [107]. The variation in the magnitude of the stress 

state of APS and SPS YSZ coating might be down to the particle size distribution of 
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the feedstock. APS uses larger particle sizes than SPS which uses submicron– to 

nano size materials. Reduced particle size enhances particle heating and melting; the 

extent of heating of the particles is the source of the quenching stress (tensile) in the 

resulting coating from the particles. Based on the reduced size of the particles use in 

SPS, it is expected that the SPS coatings should have higher tensile stress state than 

the APS of the same material. On the other hand, the nature of the residual stress in 

SPS coatings are further influenced by the surface morphology of the substrate [108]. 

Zou et al. [108] measured the residual stress in the YSZ coating deposited by SPS 

using Raman Spectroscopy. The YSZ on APS sprayed bond coat had tensile residual 

stress of 7 MPa contrary to the compressive –7 MPa in the YSZ on HVOF sprayed 

bond coat. This disparity in the nature of the stress state of the two coatings may have 

stemmed from the interfacial condition between the coatings and the underlying 

substrate. HVOF deposited bond coats would have higher peening stress that leaves 

it in the compressive state compared to the APS bond coat. 

It is also possible to obtain the contribution of the named sources of the residual 

stresses to the overall stress state of a coating. Zhu et al. [102] showed that the overall 

stress state of YSZ topcoat deposited by APS was compressive with tensile quenching 

stress (55.7 MPa) in addition to compressive thermal stress (–229.1 MPa). The 

dominant of the two stress sources was the thermal stress to make the overall stress 

state of the YSZ topcoat to be compressive with a magnitude of –173.4 MPa. 

2.5 Thermal barriers coating system 

Gas-turbine engines use hot gas streams to propel jets and to generate electricity. The 

metallic components in the gas-turbine engines are protected against the high 

temperature impact of the hot gas streams by thermal barrier coating (TBC) system. 



38 

 

TBC system consists in successive order a refractory oxide topcoat, thermally grown 

oxide (TGO) and a bond coat [109]. The TBC system earned its name from its 

refractory oxide topcoat with the main function of thermal insulation. The effectiveness 

of the TBC systems relies on the integrity of the topcoat specified by phase stability, 

thermal conductivity, low weight, high strain tolerance, coefficient of thermal expansion 

(CTE) at the interface with the bond coat, resistance to ambient and high temperature 

oxidation, chemical compatibility with the underlying bond coat and the TGO—a 

protective oxide [110]. The bond coat, an alloy coating, shields the base metal in the 

TBC system against high temperature corrosion and oxidation; it is formulated to 

ensure slow and sustained production of the TGO, when hot air reaches its surface 

through the topcoat [111].  The bond coat contains cobalt (Co) and/or nickel (Ni) as its 

base elements in addition to aluminium, chromium, and yttrium—this is the MCrAlY 

bond coat where M represents one or both of Co and Ni. Aluminide of Ni or platinum 

(Pt) could also be used in place of MCrAlY [112, 113].  

Although the bond coat would form the TGO in response to the oxygen ingression 

reaching it, its constituent elements could get used up. The consumption of the alloying 

elements depends on the affinity of each of them to react with oxygen; aluminium has 

the highest oxygen affinity to form the initial protective oxide of alpha Al2O3 (α-Al2O3). 

Further growth of the TGO is controlled by the rate of oxygen ionic diffusivity pass the 

TGO or the rate of outward diffusion of aluminium from the bond coat—the thickness 

of the TGO could reach 1-10 μm.  Unchecked degradation of the bond coat will 

compromise the protection provided by the TBC system; this means the microstructure 

of the topcoat must be engineered without compromising its desirable features to 

support the durability of the bond coat.  
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2.5.1 TBC system topcoats: microstructure, materials, and processing technique 

TBC topcoat is characterized by important properties like thermal conductivity, density 

and strain tolerance; these properties are determined by the microstructure which is 

in turn influenced by material and processing conditions [114]. The standard topcoat 

material has been yttria stabilized zirconia (YSZ) for its desirable characteristics like a 

CTE of ~ 11 x 10-6 K-1 relative to the underlying bond coat, high melting point of 2700 

°C and a relatively low thermal conductivity of ~2.3 WmK-1 at 1000 °C for a bulk sample 

[6]. YSZ shows ferroelastic toughening (switching between tetragonal phases t’ and 

t’’) at elevated temperatures; this makes it resist impact and erosion wear [110]. 

However, the ferroelastic switching compromises the integrity of YSZ at temperatures 

from 1200 °C; it shows eutectic composition of cubic and monoclinic phases. This is a 

detrimental transformation often accompanied with 3-5 % volumetric change that 

contributes to the topcoat failure [115]. For these reasons, YSZ has been processed 

with different deposition techniques in addition to a search for new topcoat materials.  

APS deposited YSZ topcoat built from overlaid lamellar could reach 300 μm in 

thickness with arrays of microstructural defects: inter-splat boundaries, pores, and 

cracks (Figure 2-18). The microstructure of APS YSZ gives a porosity of 15-25 % [116, 

117]; the distribution and orientation of the defects could lower its thermal conductivity 

to 0.7-1.0 WmK-1 [116]. APS YSZ topcoat could undergo 800-1000 1-hour cycles 

before failing due to its high residual stress state and reduced strain tolerance. The 

strain tolerance improves with alteration to the plasma spray conditions which ensures 

the formation of dense vertically cracked otherwise called segmented coating (Figure 

2-19); the vertical cracks could reach 3-10 per millimeter depending on the 

temperature of the substrate and the impinging particles. A typical segmented coating 
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with ~ 3.6 mm-1 segmented crack density shows a thermal shock cycling life that 

exceeds 1700 [118]. However, the increased density of the segmented coating raises 

the thermal conductivity to 1.3-1.8 WmK-1 [109].  

 

Figure 2-18: Cross-sectional SEM image of a TBC system showing typical APS YSZ topcoat 

microstrutural features [116] 

 

Figure 2-19: Cross-sectional SEM image of segmented APS YSZ topcoat showing pores and 

dense vertical cracks [118] 
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Even more compliant topcoats has been produced with another processing technique, 

electron beam physical vapour deposition (EB-PVD) [119]. The deposition rate of EB-

PVD is controlled by the deposition parameters, chamber pressure and substrate 

temperature [120]. The deposition rate reaches 2 μm/min if the chamber pressure is 

maintained at 10-2 Pa and the substrate temperature kept at 800–900 °C [121]. EB-

PVD deposited YSZ presents feathery microstructure of columnar YSZ grains (2-10 

μm in diameter); it has globular and spheroid pores though not enough to lower its 

thermal conductivity (~1.5-2.0 WmK-1) compare to the segmented coatings [6, 122, 

123].  

 

Figure 2-20: SEM image of columnar YSZ deposited by EB-PVD (a) Cross-section showing 

the columnar topcoat, the bond coat and the substrate [123] (b) magnified columnar grain 

showing columns and inter-columnar gaps marked (1), globular and spheroid pores marked 

(2) and the feather arm marked (3) [122] 

Although EB-PVD produced topcoats with improved life cycle because of its columnar 

microstructure (Figure 2-20)—a reason for its use in the industry. The mechanism of 

formation of the columnar microstructure is governed by either the 3D island growth 

(Volmer–Weber model, VW model) or the 3D islands on the top of one or a few 

epitaxial layers (Stranski–Krastanov model, SK model). The dominant of the two 

models is dependent on the material parameters of the substrate and the deposit as 
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well as the supersaturation of the vapour. The formation of island structure is preceded 

by the condensation of vapour to form clusters. As the deposition and surface diffusion 

of the vapour cluster go on, the island grows to unite with nearby islands. The joint 

island structure would thus grow perpendicular to the substrates to form the columnar 

structure [124]. However, the deposition rate in EB-PVD is slow and expensive to run 

[6, 125, 126]. Plasma spray physical vapour deposition (PS-PVD) a modified vacuum 

plasma spray (VPS) process seems to resolve the challenges found with EB-PVD; it 

can be operated cheaper yet with higher deposition efficiency.  

PS-PVD operates at higher electrical input power (150-180 kW) which ensures melting 

and evaporation of the feedstock. It uses consolidated nano-sized [124] and/or 

submicron-sized YSZ powder [127, 128]  to facilitate the melting and evaporation of 

the powder. PS-PVD offers columnar microstructure, dense microstructure with 

distributed pores and mixed microstructure of columnar and dense layers [124, 129]. 

Figure 2-21 shows PS-PVD YSZ columnar structure similar to those found in EB-PVD; 

this microstructure formed from evaporated particles usually at a spray distance of 

1000 mm [124, 125]. However, the process was tailored by sequence of low deposition 

rate steps and extended pre-oxidation of the bond coat surface to achieve double the 

life cycle of an APS topcoat in a burner rig test [126]. The PS-PVD topcoat combines 

the strain tolerance of the EB-PVD YSZ and the low thermal conductivity of APS YSZ 

topcoats; the thermal cycling life of the PS-PVD topcoat reached 1000 cycles in a 

burner rig test while its thermal conductivity was 0.8 W/mK [125]. 
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Figure 2-21: : SEM image of columnar YSZ deposited by PS-PVD (a) Cross-section showing 

the columnar grains and the inter-columnar gaps in the topcoat (b) magnified columnar grain 

showing the columns and inter-columnar gaps and the feathery arms [125] 

Existing TBC works seems to demonstrate that improved TBC life cycle can be 

achieved in either or both of columnar coatings and segmented coatings, further 

search had gone into reducing the thermal conductivity of the two types of topcoats. 

Reduction in thermal conductivity comes with increased porosity; the new topcoat 

would be a coating that will combine higher porosity with segmented cracks or 

columnar grains. This new topcoat was further sought in submicron-sized feedstock 

and solution precursor. Submicron-sized YSZ can be sprayed as consolidated powder 

as has been used in PS-PVD [127, 128] or in liquid carrier as in suspension plasma 

spray (SPS) process [130-132]. SPS produces segmented coating [133, 134],  APS 

overlaid lamellar built microstructure and columnar coatings [130]. SPS would produce 

the APS kind of microstructure (Figure 2-22) if the topcoat is sprayed using suspension 

with micron size powder (D50 = 15 ± 6µm); it produces segmented coating with 

nanometric powder (D50 = 25 nm) in suspension (Figure 2-23 (a)) [133] or submicron 

sized powder (D50 = 320 nm) in suspension (Figure 2-23 (b)) [134].   
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Figure 2-22: SEM images showing the standard APS microstructure obtained from SPS of 

micro sized powder in suspension (a) a high magnification of the top surface and (b) a 

fractured cross section normal to the substrate [130] 

 

 

Figure 2-23: SEM cross sectional images of segmented coating microstructure obtained from 

SPS (a) nanometric sized powder in [133] (b) submicron sized powder in suspension [134] 

Kassner et al. [133] suggested segmented coating produced by SPS could have high 

porosity and high strain tolerance due to his high segmentation crack density (7 

cracks/mm) compare to 5 cracks/mm in APS coatings. The segmentation crack 

density in SPS coatings seems to be controlled by spray parameters (stand-off 

distance and plasma torch power) and suspension particle loading [12]. The 

segmentation crack density increases with the spray parameters (40-60 mm stand-off 
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distance and 50-70 kW torch power); ~ 7/mm at the minimum and could reach 13/mm 

as the parameter increased. However, when the particle loading is fixed at 20 wt. %, 

the stand-off distance kept at 50 mm and torch was operated at 65 kW, the coating 

obtained showed combined microstructure with columnar grains and vertical cracks 

[12]. Differently, Ganvir et al. [135] produced SPS topcoats with varying microstructure 

using a 30 wt. % load suspension with micrometric particle size (D50: < 3 µm and < 10 

µm). The SPS topcoats deposited under this condition produced a microstructure 

intermediate between the columnar based and the lamellae-based microstructure. 

This intermediate microstructure presents with the vertical cracks like the ones in the 

columnar microstructure of EB-PVD topcoats and the inter-pass boundaries as in 

lamellae microstructure of APS topcoats. 

The columnar grains formed in SPS coatings (Figure 2-24) results from the droplet 

size formed from the atomization of the suspension entering the plasma plume [130] 

and the roughness of the deposition surface [136]. The reduced droplet size from the 

atomization of the suspension caused the droplets to take a divergent trajectory from 

the direction spray; the droplets then travelled parallel to the deposition surface to get 

caught by surface asperities causing lateral and vertical growth of the deposits.  The 

lateral growth defines the columnar grains width while the vertical growth defines the 

eventual coating thickness [130].  
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Figure 2-24: SEM cross sectional images of columnar coating microstructure obtained from 

SPS (a) deposited on as-sprayed APS bond coat (b) deposited on as-sprayed HVAF bond 

coat [136] 

Other than the size of the droplets obtained from atomization of the suspension, 

VanEvery et al. [130] showed that the particle loading in the individual droplet of 

suspension interacting with the plasma plume controls the size of the lamellar formed 

in the SPS columnar microstructure—the lamellar size increases with suspension 

particle loading. Differently, the amount of suspension (particles and carrier medium) 

interacting with the plasma plume could be specified by the suspension feed rate. 

Bernard et al. [137] showed that increased suspension feed rate (25 g/min to 44 g/min) 

caused reduced deposition efficiency of up to 14 %; the loss in deposition efficiency 

was attributed to reduced heat treatment of the injected particles which resulted in 

overspray. Overspray means molten particles got shrouded in partly molten or 

unmolten particles with poor or no adhesion; the poor adhesion caused these particles 

to fall off during the spray there by creating inter pass porosity [138]. Inter pass 

boundaries are great for reduced thermal conductivity in topcoats [138, 139] but they 

could be lateral crack initiation point; the growth of lateral cracks would compromise 

the structural integrity and life cycle performance of the topcoat [108]. 
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The surface roughness on the other hand seems to dictate the number and 

morphology of the columnar grains that form the coating. Curry et al. [136] and Zou et 

al. [108] deposited columnar SPS topcoats on different bond coat surfaces. Curry et 

al. made APS and high velocity air fuel (HVAF) deposited bond coat surfaces to 

varying roughness finish: polished, grit blasted, polished then grit blasted and as-

sprayed—only the as-sprayed cases are presented here (Figure 2-24) while Zou et al. 

[108] used as-sprayed APS and HVOF deposited bond coats (Figure 2-25). The 

number and the width of the columnar grains decreased with increasing surface 

roughness. The as-sprayed APS bond coat presented rougher surface (Ra = 11-12 

μm) in both studies compare to the as-sprayed HVAF bond coat (Ra = 8-9 μm) and 

HVOF (Ra = 5-6 μm). The SPS topcoats on HVOF bond coat have the narrowest and 

the highest number of columns amongst the three samples. However, the morphology 

of the columns presents with broad top tapering down towards the deposition surface. 

The SPS topcoats produced by Curry et al. [138] varies significantly from those 

produced by Zou et al. [108] Those from the latter has inter pass boundaries, clearer 

inter columnar gaps with broader column tops. The variation could be from the particle 

loading and the size distribution of the 8 wt. % YSZ suspension used in the topcoat 

deposition; the former used 10 wt. % loaded suspension containing 500 nm D50 

particles while the latter used 25 wt. % loaded suspension containing 50 nm D50 

particles. The high inter pass boundaries in the SPS topcoats from Zou et al. could 

have been due to the increased feed rate of 45 ml/min as presented earlier. 
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Figure 2-25: SEM cross sectional images of columnar coating microstructure obtained from 

SPS (a) deposited on as-sprayed APS bond coat (b) deposited on as-sprayed HVOF bond 

coat [108]  

From the foregoing, topcoats with varying microstructure could be produced with YSZ 

based on the processing technique and the deposition parameters on the one hand 

and the deposition surface on the other. However, the varying microstructure (layered 

with inter-lamella pores, segmented and columnar) allows for the control of thermal 

conductivity and strain tolerance; it does not address the question of phase stability at 

elevated temperature nor the chemical resistance against CMAS (calcium-

magnesium-alumino-silicate) attack. Open microstructure such as produced by APS, 

SPS and EB-PVD would not prevent CMAS incursion nor direct oxygen conduction to 

the underlying bond coat. Both the oxygen infiltration and CMAS incursion could be 

addressed by the change of material or processing technique.  Even for the 

implementation of either of these two solutions, a new topcoat material other than YSZ 

would be necessary. This is because oxygen can also reach the bond coat by the ionic 

conduction through the lattice structure of YSZ [140].  The ionic oxygen conductivity 

of YSZ increases with temperature and its yttria (Y2O3) content [141].  
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Phase stability in YSZ topcoats 

Besides the issue of oxygen conduction through the microstructure and the lattice 

structure of YSZ, it undergoes undesirable phase transitions between its metastable 

phases of t’, yttrium lean tetragonal and yttrium rich cubic phase at temperatures 

around 1200 °C [142]. The undesirable phase transition could also occur due to 

calcium magnesium-alumino-silicate (CMAS) attack. Molten CMAS dissolves YSZ 

through selective removal of yttrium ions in the YSZ structure: this destabilizes the 

metastable tetragonal phase and results in its transformation to monoclinic with an 

accompanied 2–5 % volumetric expansion [143]. CMAS is found in volcanic ash, sand 

and runway rubbles; it infiltrates the topcoat from the air carried into the turbine engine 

[110].  Again, YSZ coatings sinter at temperatures from 1000 °C: this causes 

densification in nano structured YSZ coatings [144] and necking in the atmospheric 

plasma (APS) sprayed YSZ coatings [115]. The necking reduces the strain tolerance 

of the APS YSZ coating leading to increased stiffness and internal stress—a 

phenomenon that compromises the thermal cyclic life of the coating. 

Alternative topcoat materials 

Four categories of alternate topcoat materials (defect clusters, perovskites, hexa-

aluminates and pyrochlores) to YSZ are being investigated in the development of the 

next generation TBCs due to one or more properties between lower thermal 

conductivity, high melting point, increased thermal cycling life, high temperature phase 

stability, and resistance to CMAS attack. Pyrochlores (A2B2O7 structure with A being 

+3 or +2 cations and B +4 or +5 cations) are the most studied alternate materials of 

the four categories because of the combined properties of low thermal conductivity, 

high temperature phase stability, and resistance to CMAS attack [109]. A 
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representative pyrochlore (Gd2Zr2O7) resists CMAS infiltration and can be deposited 

without any stoichiometry loss as is the case with plasma sprayed La2Zr2O7—it loses 

La2O3. Gd2Zr2O7 reacts with calcium and silicon in the CMAS to form gadolinium 

apatite. However, its major drawback remains instability with the TGO layer; it reacts 

with the TGO to form a porous perovskite (GdAlO3) which will further compromise the 

integrity of the bond coat [145]. Differently, Padture and Klemens [146] proposed 

yttrium aluminium garnet (YAG) as TBC topcoat material because of its lower grain 

boundary oxygen diffusivity (10-20 m2/s) compared to YSZ (10-10 m2/s); it has high 

temperature phase stability [140, 147], resistance to sintering, CMAS attack and it 

does not react with the TGO layer [116, 145]. These considerations have put YAG as 

a material of choice in the development of the next generation TBC topcoat. However, 

the microstructure of YAG coating must be carefully engineered to resist oxygen 

conduction [148] and CMAS attack [143] without compromising durability—since a 

porous coating allows influx of oxygen and CMAS materials. 

Thermally sprayed YAG topcoat  

YAG coatings have been deposited using radio frequency precursor plasma spray 

process [149]. The as-sprayed coating was fully crystalline, porous, and 

nanostructured; its main phase was hexagonal yttrium aluminium perovskite (YAP) 

with some yttrium aluminium monoclinic (YAM). Post spray plasma treatment of the 

as-sprayed coating in 10 s transformed it to mainly YAG and some orthorhombic YAP. 

The first TBC work to incorporate YAG was a multilayer TBC produced by small 

particle plasma spray process—a variant of APS [140]. A porous YAG coating (10 μm) 

was sandwiched between layers of YSZ coating (30 and 200 μm) for phase stability 

and in another architecture, the 10 μm porous YAG coating was deposited on an 80 
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μm thick YSZ coating for oxidation protection. The YAG layer, although porous, 

prevents Y2O3 depletion at the YSZ/YAG interface to ensure phase stability for the 

YSZ in the sandwich architecture; it also slows down TGO growth rate in the latter 

architecture by a factor of about three. A fully dense YAG has oxygen diffusivity 10 

orders below that of a dense YSZ. A columnar YAG coating with some YAP, YAM and 

Y2O3 was produced by electrostatic spray-assisted vapour deposition (ESAVD) using 

solution precursor [150]. The coating has uniformly distributed inter-columnar spacing 

of 2 μm which would aid oxygen influx to the bond coat. The ESAVD technique could 

be a means to produce strain compliant YAG coating but it has low deposition 

efficiency, besides the coating needs post deposition heat treatment at temperatures 

of 700-900 °C to form pure YAG.  

Weyant and Faber [148] studied APS deposited YAG to provide a model through the 

design of experiment that links microstructure features with plasma spray process 

deposition parameters. The flame power and the standoff distance was found to 

control the porosity and the crystallinity of the YAG coating, using powder with the 

standard particle size range—they found that coatings with low porosity are mostly 

amorphous and vice versa. However, the amorphous coatings would crystalize to YAG 

in ~ 18 min at 900 °C without sintering. Gu et al. [151] sprayed composite YAG/YSZ 

coating using APS with varying mix of the YAG and YSZ powders. The composite 

coating is dense with amorphous YAG, crystalline YAG and YAP phases in crystalline 

YSZ coating. The crystallization of the amorphous YAG is suppressed by YSZ, even 

at 1200 °C it takes 12 h to achieve full crystallinity as against pure amorphous YAG 

coating, which crystalizes in 30 min at 920 °C. The crystallization process of the 

amorphous YAG in the composite coating also initiates and propagates micro cracks 
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that would form oxygen pathway to the bond coat. Kumar et al.  [145, 152] reported 

YAG TBC deposited by solution precursor plasma spray (SPPS). The YAG TBC was 

engineered to possess a stack of horizontal micro pores which they termed inter-pass 

boundaries. The inter-pass boundaries were shown to support the low thermal 

conductivity and strain compliance of the coating that ensures its durability supersedes 

APS YSZ with or without CMAS presence. However, with the continued interest in 

YAG based TBC topcoats, high velocity oxy-fuel (HVOF) thermal spray could provide 

variant microstructures based on effective combination of materials and processing 

technique. 

2.5.2 Thermal conductivity in TBC topcoats 

The determination of the thermal conductivity of the topcoat in a TBC is however not 

straight forward. Often times, the measurement is done in a layered configuration while 

the topcoat is bonded to a substrate [135, 153, 154] at other times, the topcoat is 

obtained as a free-standing coating. Available literatures suggest there is little or no 

consideration for what the standard configuration should be for obtaining the thermal 

conductivity of the TBC topcoats. The desired thermal conductivity value of ~1.0 Wm–

1K–1 [155] for as–sprayed TBC topcoat has been consistently sought through the 

modification of the topcoat microstructure by trying different materials and/or 

deposition process/parameters. It has not mattered whether the thermal conductivity 

is obtained using the layered configuration approach consisting of topcoat plus 

substrate or using free-standing coatings.  

Depending on the processing technology and conditions, the thermal conductivity of 

as-sprayed 7–8 YSZ measured at room temperature lies in the range of 0.5–1.6 Wm 

–1K–1 (see Table 2-2). Specifically, the quantitative contribution of a YAG topcoat to 
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the thermal conductivity of a combined layered architecture of YAG/YSZ was not 

presented by Su et al. [140]. In the configuration, a lamella based YAG deposited by 

APS laid on APS deposited YSZ; the combined architecture has as-sprayed 

conductivity of 1.05 Wm –1K–1. This value suggests the combine configuration could 

have some merit in utilizing the properties of its constituent layer materials; especially 

when the value is just 5% above the desired value of 1.0 Wm –1K–1 and ~ 33 % less 

than the value of a single layer EB–PVD deposited YSZ. More so, at elevated 

temperature above 1000 °C single layer YAG with engineered porosity layers showed 

reduced thermal conductivity as the coating resisted sintering. The distribution of the 

porous layers within the coating thickness to be perpendicular to the direction of the 

heat flow prolonged the heat conduction path. Differently, where the as-sprayed 

coating has amorphous contents, the thermal conductivity of the coating will increase 

when amorphous to crystalline phase transition occurs at the elevated temperature 

[156]. 
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Table 2-2: Thermal conductivity of TBC topcoats from powder compared to those from 

suspension and solution precursor based on microstructure and measurement configuration. 

S/N Materials Process Microstructure 
Measurement 
configuration 

Thermal 
conductivity (λ) 

W.m.K-1 Ref. 

25 °C ≥ 1000 °C 

1. 

7 wt. % YSZ 

APS 
Lamellae 
based 

Topcoat 
+substrate 

0.90 – 

[157] 2. EB-PVD Columnar 1.50 – 

3. SPS (D50 = 0.5 
μm) 

Columnar 1.25 – 

4. 

7 wt. % YSZ 

SPS 

(D50 ≤ 3 μm) 
Intermediate  

Topcoat 
+substrate 

0.56 1.30 

[135] 

5. 
SPS 

(D50 ≤ 10 μm) 
Intermediate 0.90 1.80 

6. 
SHVOF 

(D50 ≤ 3 μm) 

Dense with 
vertical and 
horizontal 
cracks 

0.86 1.13 

7. 
SHVOF 

(D50 ≤ 10 μm) 

Dense with 
vertical cracks 

1.29 2.09 

8. 

7 wt. % YSZ 

EB-PVD Columnar 

Topcoat 
+substrate 

1.58 1.40 

[158] 

9. SPS (D50 = 0.5 
μm) 

Columnar 0.80 0.86 

10. SPS (D50 = 0.5 
μm) 

Columnar with 
reduced inter-
columnar 
gaps 

0.71 0.70 

11. 7-9 wt. % 
YSZ 

APS 
Lamellae 
based 

Topcoat 
+substrate 

0.69 1.31 [159] 

12. 

8 wt. % YSZ 

SPS/APS bond 
coat 

Columnar 
Topcoat 
+substrate 

0.58 – 

[136] 
13. SPS/HVAF bond 

coat 
 0.82 – 

14. YAG 
APS: as-sprayed 
YAG/YSZ 

Lamellae 
based 

1.05 1.25 [140] 
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2.5.3 Lifetime performance of TBC 

Thermal barrier coatings operate under extremely harsh conditions of combined high 

temperatures, steep temperature gradients, fast temperature transients, high 

pressures, and additional mechanical loading, as well as oxidative and corrosive 

environments—these are difficult conditions to reproduce in the laboratory, all at once. 

Prominent life performance evaluation tests that have been implemented for TBC in 

the laboratory include but not limited to thermomechanical fatigue or thermal cyclic 

fatigue (TCF) and thermal gradient/shock (TG) test. These test conditions as 

mentioned are less suitable for testing the complex shaped blades and vanes of the 

gas turbine; however, the testing procedures provide means to evaluate fundamental 

coating properties such as rates of sintering, thermal cycle lifetimes, thermal 

conductivities, and to investigate the damage evolution of the planar TBC systems 

under high-flux conditions. The representative sample used in the testing and 

evaluation process is usually a button cut out of a superalloy [160]. Often the button 

samples are cut from the superalloy before coating it with a bond coat layer and 

another layer of topcoat. It may also be that a rectangular coupon is bond coated and 

then with the topcoat before the button samples are cut out using electro–discharge 

machining (EDM) or using waterjet. 

15. 50–HT 
YAG/YSZ 

 
Free standing 
multi-layer 
topcoat 

2.15 1.85 

16. 100–HT 
YAG/YSZ 

 
2.25 1.85 

17. SPPS YAG 

L–IPB Lamellae with 
engineered 
porosity 

Free standing 
single layer 

1.68 0.95 

[145] M–IPB 1.53 0.95 

H–IPB 0.70 0.58 
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Figure 2-26: (a) Typical thermal cyclic fatigue test cycle showing the heating, dwell and cooling 

stage (b) a disk-shaped thermal-barrier coating sample being heated with oxy–fuel flame and 

the back-side being cooled with compressed [134]. 

In a TCF test, the samples get heated to an elevated temperature, held at the elevated 

for a specified dwell time before being rapidly cooled outside of the furnace for a 

specified time or to a specified temperature. Thermal gradient on the other hand, 

involves heating the topcoat face of a sample with simultaneous cooling of the back 

side of the substrate with compressed air. The heating of the front face can be either 

with high–power CO2 laser or oxy–fuel flame directed towards the sample surface 
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[160]—Figure 2–18 shows the description of the two tests procedures. The thermal 

shock test involves inserting the TBC sample into a furnace already heated up to a 

temperature above 1000 °C. The sample is then held in the furnace for a specified 

duration before it gets quenched in water at room temperature [161]. The 

implementation of TCF tests varies depending on whether the TBC is meant for land–

based turbines or to be used in aviation engines; usually TBCs meant for use in 

aviation engines are tested under repeated one–hour cycles while those for land–

based turbines are subjected to repeated eight–hour cycles [116].  
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Table 2-3: Life performance evaluation of TBC topcoats showing test methods and the topcoat 

microstructure 

S/N Materials/Process 
Microstructur

e 

Test 
temp
. (°C) 

Test 
Cycles to 

failure 

TCF TG 
Failure 
criterion 

TCF TG 

1. SPS YSZ/LPS 
bond coat 

[134] Segmented 1400 – 7 min ≥ 30 % – 660 

2. APS YSZ/Cold 
spray bond coat 

[162] 
Lamellae 

based 

1150 

– 4 min – – 

3000 

1200 2500 

1250 2000 

3. 

SPS 

(D50 ≤ 3 μm) 

[135] 

Intermediate 

1100 
1–hour  

10 min 
– ≥ 20 % 

263 

– 

SPS 

(D50 ≤ 10 μm) 
Intermediate 323 

SHVOF 

(D50 ≤ 3 μm) 

Dense with 
vertical and 
horizontal 

cracks 

226 

SHVOF 

(D50 ≤ 10 μm) 
DVC 230 

4. 

SPS YSZ/Pt–
γ/γ’ bond coat 

[158] 

Columnar 

1100 
1–hour  

15 min 
– 20 % 

1000  

SPS YSZ/β-
(Ni,Pt)Al bond 

coat 
Columnar  2145  

5. APS YSZ/APS 
bond coat 

[159, 
163] 

Lamellae 
based 

1100 
1–hour  

10 min 
– 20 % 700 – 

6. 

SPS YSZ/ APS 
bond coat 

[136] 

Columnar 1100 
1–hour  

10 min 
– 20 % 

295 

– SPS YSZ/ 
HVAF bond 

coat 
290 

APS YSZ/ APS 
bond coat 

Lamellae 
based 

1200 – 
75 
sec 

20 % – 

1800 

SPS YSZ/ 
HVAF bond 

coat 
Columnar 9903 



59 

 

 

A summary of some of the life cycle tests on TBC samples (see Table 2–3) have not 

shown specific preference for any of the three methods described above. The TBCs 

generally appears to survive more cycles when subjected to thermal gradient tests 

compare to thermal cyclic fatigue tests. On which of the tests better represents the 

condition of the turbine parts in service, the thermal gradient test procedure can be 

considered to give a closer representation. The turbine parts in service would receive 

heating on the coated sides while being cooled on the uncoated face simultaneously. 

This matches the test condition as implemented in thermal gradient tests. The thermal 

fatigue cycle test rather heats the coated and the bare face of the test samples 

altogether before they are cooled ahead of a new cycle. Despite this seeming 

inadequacy, the thermal cyclic fatigue appears to be the mostly used test procedure 

in the life performance study of TBCs.  

7. 

SPS YSZ/ APS 
bond coat 

[138] 

Columnar 
with vertical 

cracks 1100 
1–hour 
10 min 

– 20 % 

275 

– 
SPS YSZ/ 

HVOF bond 
coat 

120 

APS YSZ/ APS 
bond coat 

Lamellae 
based 

295 

8. 

SPS YSZ/ APS 
bond coat Columnar 

with vertical 
cracks 1200 – 

75 
sec 

20 % – 

7000 

SPS YSZ/ 
HVOF bond 

coat 
7000 

APS YSZ/ APS 
bond coat 

Lamellae 
based 

3000 

9. 

SPPS YAG 

(L–IPB) 
[116] 

DVC with 
engineered 

porosity 

1121 
1–hour 

– 

≥ 50 % 

~120
0 

– 1150 ~600 

APS YSZ 
Lamellae 

based 

1121 
1–hour ≥ 50 % 

~900 

1150 ~450 
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2.6 Summary 

The following points summarized the relevant information on the literature reviewed 

for feedstock, processes, characterization and performance evaluation of thermally 

sprayed ceramic materials studied for wear and thermal barrier coating application. 

 The particle size distribution of the feedstock and the processing technique 

dictates the microstructure of coatings. The variation in the microstructure of 

the coatings has been linked to the measurable properties of the coatings viz 

fracture toughness, thermal conductivity, residual stress, and thermal cyclic life 

span. 

 The predominant crystallographic phases in thermally sprayed Al2O3 coatings 

with molten particles are the amorphous and γ–Al2O3. The amorphous phase 

in such coatings can be transformed to α–Al2O3 when heat treated at 

temperatures above 1000 °C. 

 Phase stability in thermal sprayed YSZ topcoat still remain a concern for which 

potential alternative materials are being sought in defect clusters, perovskites, 

hexa-aluminates and pyrochlores. However, no single material appears to be 

sufficient to meet the combined concerns of phase stability and CMAS attack. 

 Thermal conductivity measurements of TBCs have been done using coating on 

substrate or free-standing coating. The procedure with coating on substrate 

requires the separation of the coating contribution to the overall measured 

thermal conductivity. 

 The thermal conductivity of dense YAG coatings deposited by APS has only 

been measured at room temperature.  

 YAG coatings with engineered porosity deposited from solution precursor 
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showed reduced thermal conductivity at elevated temperature. The mechanism 

was linked to the inter-pass boundaries introduced into the coating 

microstructure through optimized processing parameters. 

 The thermal cyclic fatigue test is the most used life performance test for TBCs 

even when the thermal gradient test for life performance of TBCs mostly 

represent the in–service condition of turbine parts with TBC. 

2.6.1 Gaps in literature 

Most studies on thermally sprayed Al2O3 coatings, however, used a thermodynamically 

stable alpha phase powder that resulted in γ-Al2O3 in the coating. The manufacturing 

of α-Al2O3 begins from its ores by Bayer process and finishes by heat treatment. The 

process yields the desired alpha phase at a temperature above 1000 °C; however, 

many of the transitional Al2O3 phases can be produced at lower temperature. The 

energy and resources consumed in producing α-Al2O3 powder from Al2O3 salts is 

intensive and it is subsequently wasted when thermal spraying of this valuable 

feedstock results in the formation of γ-Al2O3. An alternative and sustainable approach 

is to use a metastable feedstock (such as delta-theta Al2O3) being easier to obtain and 

it can transform to γ-Al2O3 during thermal spraying. Despite the low cost and 

availability of the suspension of the metastable phases these have received little or no 

attention as feedstock materials for thermal spray. 

Despite Al2O3 and YSZ being widely used and studied engineering ceramics, limited 

work has been reported on the through-thickness residual stress behaviour of SHVOF 

thermal sprayed Al2O3 and YSZ. A detailed understanding of residual stress of the 

coatings will provide further insight into the performance evaluation of the coatings vis-

à-vis the role of residual stress. 
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The studies on the deposition of YAG, a non–oxygen conducting ceramic, for TBC 

applications were yet to be investigated with HVOF deposition process—a processing 

technique capable of producing dense coatings needed to forestall the challenge of fly 

ash and calcium–magnesium–alumino–silicate (CMAS).



Tunji Adetayo Owoseni, MSc  Chapter Three 
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Experimental methodology 

3.0 Introduction 

This chapter presents the materials, the coating deposition procedures and the 

characterization methods employed in the study of the coatings produced to justify the 

stated objectives of this thesis.  

3.1 Materials 

Commercially available ceramic suspensions and inorganic salts for solution precursor 

have been used in the deposition of coatings studied in this work (see Table 3–1). The 

materials include two inorganic salts [164], two alumina (Al2O3) suspensions, one yttria 

stabilized zirconia (YSZ) suspension and one yttrium aluminium garnet (YAG) 

suspension. The as–supplied particle loading for the YAG was ~ 50 wt. %; the 

suspension was made into a 20 wt. % suspension to ensure free flow during the spray 

process. The solution precursor was made from stoichiometry solution of aluminium 

trioxonitrate (V) nonahydrate and yttrium trioxonitrate (V) hexahydrate. Fractional part 

of each suspension to be sprayed was heated separately in a box furnace at 100 °C 

for 8 h to obtain dried powder for secondary electron (SE) images on the Scanning 

Electron Microscope (SEM) and for X–ray diffraction analysis.  
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Table 3-1: List of materials with their description and suppliers 

S/N Materials Supplier 

Particle loading 

(wt. %) 

PSD, 

D50 (μm) 
Medium 

1. 
CR1 Al2O3 

suspension 

Baikowski  

(Poisy, France) 

~ 21 1 Water 

2 
GTV Al2O3 

suspension 

GTV Verschleißschutz 

GmbH  

(Luckenbach, Germany) 

~ 14 – Water 

3. YSZ suspension 
Treibacher Industrie AG 

(Althofen, Austria) 
~ 25 0.6 Ethanol 

4. 
YAG 

suspension 

Baikowski  

(Sillingy Cedex, France) 

~ 50 0.09 Water 

5. 

Aluminium 

trioxonitrate (V) 

nonahydrate, 

Al(NO3)3.9H2O 

Fisher Scientific 

(Loughborough, 

England) 

– – – 

6. 

Yttrium 

trioxonitrate (V) 

hexahydrate, 

Y(NO3)3.6H2O 

Fisher Scientific 

(Loughborough, 

England) 

– – – 
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Two substrates were used in the deposition of coatings—stainless steel and Ni–alloy. 

The stainless steel, AISI 304 cold rolled stainless steel supplied by Unicorn (Derby, 

England), was used as the primary substrate for all sprayed coatings. It has a nominal 

composition of 19.0–Cr, 9.3–Ni, 0.05–C, and the balance is Fe (in wt. %). Each 

stainless–steel substrate has a dimension of 60 x 25 x 2 mm. The Ni–alloy used was 

the Hastelloy C–263 grade provided by Rolls Royce (Derby, England). The Ni–alloy 

has nominal compositions in wt. % of 0.5–Al, 2.2–Ti, 20.4–Cr, 0.5–Fe, 20.2–Co, 6.0–

Mo; the balance is Ni. The dimension of the Ni–alloy has used during the deposition 

was 60 x 15 x 2 mm.  

3.2 Feedstock characterization and analysis 

3.2.1 Particle size distribution (PSD) in the suspension 

PSD can be obtained based on the concept of dynamic light scattering (DLS). DLS 

refers to measurement and interpretation of light scattering data on a microsecond 

timescale to obtain particle size and shape. When a monochromatic light is beamed 

on particles undergoing Brownian motion in a liquid medium, the interaction of light 

with the electric charges on the particle surface causes scattering of light. The 

monochromatic incident light undergoes Doppler broadening due to the continuous 

motion of the particles in the liquid medium. Constructive interference from the 

scattered lights generates detectable signals as fluctuating intensities with respect to 

time (ns–μs) to determine the rate at which the intensities fluctuate—micron size 

particles move slowly as against nano to submicron size particles which move very 

fast to give higher intensity fluctuations. The rate of the fluctuation of the intensities is 

related to the diffusion behaviour of the particles quantified as the diffusion coefficient 

(Dτ). The diffusion coefficient relates to the hydrodynamic size of the particles of 
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particles. Equation (3.1) connects the normalized scattered light intensity to the 

diffusion coefficient [165]. 

ℊ(𝜏) = 1 + 𝛽𝑒𝑥𝑝(−2𝐷 𝑞 𝜏) --------------------------------------------- Equation 3.1 

�⃗� = 𝑠𝑖𝑛 𝜃
2           ---------------------------------------------------- Equation 3.2 

g(τ) represents normalized intensity correlation function, β coherence factor 

(scattering properties of particle), Dτ is the diffusion coefficient, τ is the lag time 

between two time–points. The parameter q in Equation (3.1) represents a Bragg wave 

vector (see Equation 3.2) which connects the incident light wavelength (λ), refractive 

index (η) of the liquid medium carrying the particles and θ, the signal detection angle—

π is a mathematical constant (3.142).  

One of the Al2O3 suspensions and the YAG suspension used in coating disposition 

were characterized to obtain the PSD in the feedstock—the setup is shown in Figure 

3–1. The PSD in the G–Al2O3 suspension was measured with a Malvern Zetasizer 

Nano–ZS (Malvern, England). The YAG suspension was analysed using the Coulter 

LS230 (High Wycombe, England). Each measurement was done using 20 μl of the 

respective suspensions. 
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Figure 3-1: Schematic representation of the particle size measurement based on dynamic light 

scattering 

3.2.2 Solution precursor preparation (YAG) and constituent analysis 

187.56 g of the aluminium salt and 114.90 g of the yttrium salt were dissolved in 

deionized water, each in 500 dm3 at normal atmospheric temperature and pressure. 

Each solution was then mixed together to have a 1000 dm3 solution precursor with a 

molarity ratio 5:3. Fractional part of the solution precursor was heated in furnace at 80 

°C for 24 hours to make a sol. One of the obtained sols was calcined in a box furnace 

at 900 °C for 3 hours. Part of the globule obtained from the calcined sol was grounded 

into powder for SE images on the SEM and for X–ray diffraction analysis. The other 

sol was used for differential thermal analysis. 
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3.2.2.1 Differential thermal analysis of the precursor 

Thermal analysis of the sol obtained from the heating of the solution precursor 

presented in subsection 3.2.2 above were performed using simultaneous TGA/DSC 

(SDT Q600, TA Instruments, USA). Two empty Al2O3 pans were scanned from 

ambient temperature to 1000 °C at a ramp rate of 10 °C/min in flowing air. This scan 

forms the baseline to quantify the weight loss and the change in heat flow between the 

sample and the reference material. ~ 9 mg of the sol (prepared in subsection 3.2.2 

above) was then weighed into one of the Al2O3 sample pans leaving the other as the 

reference sample. The scan was then repeated using the same conditions as the 

baseline. Graphs of % weight loss and heat flow as a function of temperature were 

plotted to show the exothermic and endothermic reactions associated with the weight 

loss of the sol. 

3.2.2.2 FTIR analysis of calcined sols 

Fourier transform infrared (FTIR) uses infrared beam of light to probe an unknown 

sample for the identification of its constituent compounds. FTIR measurements 

determine the intensity of an incident beam of infrared radiation as a function of 

wavelength (4000–200 cm–1) or frequency (2.5–50 μm) after it interacts with the 

sample. During an FTIR measurement the infrared spectrophotometer disperses the 

light from a broadband infrared source and measures its intensity at each 

frequency/wavelength. The ratio of the intensity before and after the light interacts with 

the sample is determined. The plot of the intensity ratio against frequency/wavelength 

makes the infrared spectrum. Peak position on the spectrum provides qualitative 

sample identification; this is because each chemical functional group displays peaks 

at a unique set of characteristic frequencies/wavelength. The intensity ratio axis on the 
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infrared spectrum can be presented as transmittance, reflectance, or absorbance. If 

one is measuring the fraction of light transmitted through the sample or reflected off 

the sample surface, the intensity ratio reads as in Equation (3-3). The absorbance (Aw) 

is related to the transmittance using Beer–lambert equation given in Equation (3-4) 

[166]. 

𝑇 = 𝑜𝑟  𝑅   --------------------------------- Equation 3.3 

𝐴 = −𝑙𝑜𝑔 𝑇   ---------------------------------- Equation 3.4 

I0 is the incident beam intensity, IT and IR are the transmitted and the reflected light 

intensity, respectively. Tω and Rω are the respective transmittance and reflectance of 

the sample at frequency ω. 

FTIR spectra were recorded for pulverized samples of each of the solution precursor 

calcined at three temperatures: 450 °C, 750 °C and 900 °C using spectrophotometer 

(Tensor 27) supplied by Bruker (Coventry, UK). The spectrophotometer has a liquid 

nitrogen cooled detector—this ensures well resolved spectra of relatively intense 

signals were collected before each spectrum was recorded. The spectrophotometer 

was set to an average of 64 scans per spectrum. The spectra were collected over the 

wavenumber range of 400–4000 cm–1 at a resolution of 4 cm–1 specified for solid 

samples. 
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3.3 Deposition of coatings 

Prior to coating depositions, substrates were grit blasted with fine Al2O3 particles 

(0.125–0.149 mm) using a grit blaster from Guyson (Dudley, England). Blasting 

pressure was 3 bar for substrates used directly in the spraying of suspension and 

solution precursor while a blast pressure of 6 bar was used for substrates meant for 

the deposition of bond coats. Distance of 50–100 mm was maintained from the nozzle 

of the grit blaster in all cases. Following grit blasting, the substrates were cleaned in 

industrial methylated spirit (IMS) in an ultrasonic bath for 10 minutes and blown dry 

with compressed air. 

All coatings deposited from suspension and solution precursor were sprayed using a 

modified UTP TopGun SHVOF thermal spray unit from Miller Thermal Inc. (Wisconsin, 

USA) with axial injection of suspension or solution precursor directly into the 

combustion chamber with a nozzle of 0.3 mm exit diameter (see Figure 3–1). The 

substrates were mounted onto a rotating carousel with a vertical axis of rotation of 73 

rpm with the spray gun traversing vertically at a speed of 5 mms–1 during spraying [85]. 
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Figure 3-2: (a) Schematic a pictorial representation of the suspension/solution precursor 

HVOF spray set up [144] (b) schematic of the cross section of the TopGun showing its internal 

features . 

Five coatings were deposited from suspension and one from solution precursor to 

complete the work presented in this thesis. The spray parameters used for the coating 

depositions as shown in Table 3–2 are the optimized parameters obtained by a 

member our research group—Sunil Chadha. The suspension or solution precursor 

was delivered from a pressurized vessel maintained at 3–5 bar. The C–Al2O31 and the 

G–Al2O32 were sprayed onto AISI 304 alone while the YSZ and YAG coatings were 

sprayed onto both AISI 304 and Ni–alloy. The coatings deposited onto bond coated 

Ni–alloy was later used for thermal cycling durability tests. The YSZ coating deposited 

at 110 kW flame power is referred to as the T1–YSZ while the one deposited at 99 kW 

 
1 Al2O3 coating deposited from CR1 Al2O3 suspension 
2 Al2O3 coating deposited from GTV Al2O3 suspension 
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is referred to as the T2–YSZ. Single splats of were collected onto 1 µm–polished AISI 

304 substrates. In the case of the single splat collection, the rotating carousel was 

maintained at a vertical axis of rotation of 100 rpm with the spray gun traversing 

vertically at a speed of 30 mms–1 during the spray to ensure only few splats were 

collected.  

Table 3-2: Spray parameters for SHVOF thermal sprayed Al2O3, YSZ, suspension YAG (S–

YAG), and solution precursor YAG (SP–YAG) coatings deposited onto AISI 304 and Ni–alloy 

substrates. 

 C–Al2O3 G–Al2O3 
T1–

YSZ 

T2–

YSZ 
S–YAG SP–YAG 

Fuel (hydrogen) flow rate, l/min. 612 612 788 700 612 612 

Oxygen flow rate, l/min. 306 306 337 300 306 306 

Flame power, kW 101 101 110 99 101 101 

Suspension flow rate, ml/min. 90 90 100 50 50 50 

Spray distance, mm 85 85 85 85 85 85 

Number of passes 41 8 26 26 40 20 

 

Commercial CoNiCrAlY powder (Table 3–3) supplied by Praxair Surface Technologies 

(Indianapolis, USA) was sprayed to form a bond coat onto the Ni–alloy using a 

commercial MetJet II HVOF spray system (Metallisation Ltd, Dudley, UK). The HVOF 

system (see Figure 3–3) was operated with kerosene fuel and a nitrogen carrier gas—

see the deposition parameter in Table 3–4. Powder was injected radially downstream 

of the throat—the nozzle exit. Compressed air cooling was maintained for the samples 

during and after spraying. 
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Table 3-3: Nominal chemical composition of the CoNiCrAlY powder (CO–210–24) 

 Co Ni Cr Al Y 

Wt. % 38.5 32.0 21.0 8.0 0.5 

At. % 34.3 28.6 21.2 15.6 0.3 

 

Table 3-4: Bond coat spray parameters 

Parameters  Values 

Stand–off distance, mm 356 

Traverse speed, m/s 1 

Carrier gas (N2) flow rate, l/min 5.5 

Oxygen (O2) flow rate, l/min 890 

Fuel (kerosene) flow rate, ml/min 470 

Nozzle length, mm 100 
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Figure 3-3: Schematic of the HVOF spray process used for bond coat deposition [167] 

3.3.1 Diagnostic characteristics of in–flight particles 

The inflight velocity and temperature of the ceramic particles sprayed from 

suspensions and solution precursor was obtained using Accuraspray 4.0 kit supplied 

by Tecnar (St. Bruno, Canada). The kit consists of optoelectronics sensor system with 

attached coupled–charged–device (CCD) camera and a two–colour pyrometer. The 

CCD camera enables the analysis of the flame appearance vis–a–vis position, width, 

distribution, and intensity—the plume density. The pyrometer evaluates the intensity 

of the radiation emission of the particles (travelling through the combusted gas exiting 

the nozzle of the spray torch) at two wavelengths, λ1 and λ2. The intensity of the 

radiation emitted from the particles are analysed based on the equation described by 

Planck (Equation (3.5)) [168]. 

𝐼𝑒𝑚(𝜆, 𝑇) = 𝜀
𝐶1

𝜆5 ∗ 𝑑2 𝑒𝑥𝑝 𝐶2
𝜆𝑇 − 1

−1

𝑑𝜆 ---------------------------------- Equation 3.5 

Iem represents the radiation intensity (in W/sr) at a wavelength, λ (in m), for a body at 

surface temperature, T (in K), dλ is the interval between the two wavelengths at which 

measurements were taken while ε is the emissivity, a dimensionless constant 

described as the ratio of a gray body's thermal radiation to a black body's thermal 
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radiation at the same temperature. Particle diameter is denoted with d while C1 and 

C2 are dimensioned constants taken as 9.352 x10^–17 (W.m2) and 1.439 x10^–2 

(m.K) respectively. The temperature (T) of the particles is then obtained from the ratio 

of the radiation intensity signal (Iλ1 at λ1 and Iλ2 at λ2) collected from the sensors 

following the Planck’s law and assuming the gray body hypothesis such that the 

temperature, T is written as in Equation (3-6) [169]: 

𝑇 =
( )

∗ 𝑙𝑛 + 5 𝑙𝑛  --------------------------------------- Equation 3.6 

The velocity of the particles is obtained based on the concept of a time–of–flight 

measurement using cross–correlation calculation. Each particle in the measurement 

volume radiates a signal that passes through two adjacent measurement points; the 

velocity is then calculated from the location of the maximum of the cross–correlation 

factor as a function of time difference between the two adjacent measurement points 

[170]..  

The data acquired for each suspension/solution precursor sprayed was obtained using 

a stand-off distance of 85 mm as in the spray conditions in Table 3-2. The Accuraspray 

device was positioned 200 mm radially to the axis of the combusted gas jet exiting the 

spray torch (see Figure 3–4).The kit provides ensemble measurement of particles in a 

control volume in a spray jet rather than a single particle [21]. In this case, the control 

volume was 3.2 mm x 10 mm x 25 mm. Multiple measurements (~60) is taken at a 

reaction time of 5s with a signal amplification of 24–27 times and camera exposure 

time of 41 ms. The velocity and temperature values recorded represents the average 

for the particles in the control volume. Each temperature and velocity measurement 

taken will have an associated measurement error ±3 % to account for the uncertainties 

in the coating deposition process.  
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Figure 3-4: Diagnostic characterization experimental setup (a) Pictorial view (b) Schematic 

representation 

3.4 Microstructural characterization of materials and coatings 

3.4.1 SEM imaging of ceramic particles, coatings and EDX analysis 

Scanning electron microscopy involves the use of focused electron beam to probe the 

surface of a material to obtain topographical and elemental composition–based 

information. The impinging electron beam (the primary electron) interacts with the 

material to cause the emission of electrons and X–ray photons characteristic of the 

material. The impinging electron undergoes either inelastic or elastic collision with the 

atoms of the sample material; inelastic collision produces secondary electrons with 

energy less than 50 eV while the elastic collision produces backscattered electrons 

with energy more than 50 eV or comparable to the energy of the primary electron 

depending on the atomic number (Z) of the atoms involved. High atomic number 

elements are more likely to yield backscattered electrons. The secondary electrons 

therefore provide surface topography information of the sample, whilst the 

backscattered electrons provide information about the atomic weight of the sample, 

which creates Z–contrast.  
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Additionally, the primary electron energy reaches between few hundred eV to 30 keV; 

this makes it capable of ejecting a core electron from an atom to cause excitation of 

the atom. The excited atom then decays to its ground state to produce X–ray photons 

or Auger electrons. The X–ray emission signals are characteristic of the element that 

produced them; the signals can be sorted by energy in an energy dispersive X–ray 

detector to present the elemental composition of the sample material. This elemental 

composition analysis technique is called energy dispersive X–ray spectroscopy (EDX 

or EDS) [166]. 

Cross–sections of the coatings were prepared by standard metallographic procedures. 

For each coating sample a small piece (10 x 25 x 2 mm) is cut from a representative 

sample using a precision cutter cooled with water before the cut piece is hot mounted 

in conductive resins (Bakelite) for grinding and polishing to 1 µm diamond finish. The 

initial plane grinding step was performed for approximately 3 minutes using abrasive 

papers (P240, P400, P800 and P1200) fixed on a grinding and polishing wheel with 

water sprayed continuously. The sample is washed off with liquid soap and water and 

sprayed with industrial methylated spirit (IMS) before it was dried in a stream of warm 

air. The sample was then polished for another 3 minutes on 6 μm diamond wheel with 

sparing spray of polishing spirit. The sample is then washed first with acetone to 

dissolve any adhering film before the sample is washed off with soap and water, 

sprayed with IMS and dried in a stream of warm air. The polishing step is repeated on 

1 μm diamond to achieve a shining surface finish.  

Fractured surfaces of the coatings were prepared from notched pieces (see Figure 3–

5) cut from representative samples; each one of the pieces has a dimension of 5 x 25 

x 2 mm. The notch on each piece was created by holding the coated side of the piece 
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face down on a bench vice to cut the uncoated side of the substrate to a depth of ~ 

1.90 mm using a mini hack saw.  The notched piece is then submerged in ~ 0.5 litre 

of liquid nitrogen for 5 to 10 minutes before it was transferred onto a bench vice to be 

fractured at the notch.  

 

Figure 3-5: schematic of notched samples (a) without notch (b) with notch 

Powdered samples from the suspensions and the calcined sols of the solution 

precursor were lightly spread on a polymer adhesive tape stuck to a tub. Each imaging 

sample was coated with carbon to a thickness of 10–20 nm before examination on the 

SEM. The secondary electron (SE) images of powder from the suspensions, the 

calcined sols of the solution precursor, the fractured surfaces, the single splats and 

the BSE images of the coatings cross section were obtained using JEOL 6490 SEM 

from JEOL Ltd. (Tokyo, Japan). The SEM was operated at an accelerating voltage of 

20 kV and a working distance of 10 mm. The porosity of as–sprayed coatings (C–

Al2O3, G–Al2O3, T1–YSZ and the T2–YSZ) and the heat–treated G–Al2O3 coatings 

(HT–750–6h and HT–750–48h) were analysed using image analysis software—

Image–J (NIH, USA). The porosity was based on the volumetric ratio of pores to solids. 
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The crack densities on the top surface of HT–750–6h and HT–750–48h coatings were 

also obtained by image.  

Compositional analyses of YAG and the MCrAlY bond coat were performed using an 

Oxford Instruments EDX with INCA X–ray microanalysis software. The YAG sprayed 

from suspension and that prepared from the solution precursor were analysed for 

comparison. Similarly, the as–received bond coat and the thermally cycled bond coat 

were analysed to show compositional variations resulting from the thermal cycling 

experiment. 

3.4.2 Focus ion beam (FIB)–SEM milling 

A FIB–SEM uses the combination of focused ion and focused electron in the 

production of electron transparent specimen for transmission electron microscopy 

(TEM) observation. The focused ion provides for the milling of the specimen while the 

focused electron allows for immediate visualization of the milled surface. FIB mills a 

surface with gallium ion (Ga+) probe focused to ~ 5 nm to ~ 0.5 μm in diameter. The 

focusing of the probe is achieved by adjusting the probe current density from tens of 

pico–Amperes (pA) to several nano–Amperes (nA) to mill a surface, Ga+ are 

accelerated onto the surface to generate secondary ions or atoms. The generated 

secondary ions can also be used to construct images of the surface. A typical 

acceleration voltage for FIB operation lies between 5 and 50 keV—the incident ion 

penetration depth is ~ 20 nm for 25 keV Ga+. However, before a FIB milling is 

completed on a surface, a metal layer (typically 1 μm wide 2 μm high 30 μm long) is 

deposited using ion assisted chemical vapour deposition to avert surface damage. 

Common metals used for the surface protection include tungsten (W), platinum (Pt), 

aluminium (Al), copper (Cu). A trench is milled out with the FIB probe on the two sides 
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of the deposited metal before the sides connecting the strip to the wafer will be cut 

through. The strip will then be tilted for thinning to electron transparency (~ 100 nm). 

The strip is returned to its initial orientation before it will be cut at the bottom and 

deposited on a TEM grid—this is the lift out technique [171]. See Figure 3–6 for the 

schematic of the process. 

Focused ion beam (FIB) milling of some sections of the as–sprayed G–Al2O3 coating 

was done using FEI Quanta 3D FIB–SEM (Tokyo, Japan). The milling was done 

parallel to the plane of the sample surface to ensure the regions of interest were 

covered. A strip of platinum (20 µm x 1.5 µm x 1.0 µm) was deposited onto the surface 

as a protective cover on the region to be milled. A trench is milled out with the FIB 

probe on the two sides of the strip before the sides connecting the strip to the wafer 

were cut through. The strip was tilted, cut at the bottom, and deposited on a TEM grid. 

The FIB milling produced a thin foil of ~ 5 μm x 3 μm thinned to a thickness of ~ 100 

nm. The thin foil lift–out was then transferred to JEOL 2000FX TEM for selected area 

electron diffraction analysis (SAED).  
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Figure 3-6: Sequence of TEM sample preparation [172] 

3.4.3 Transmission electron microscopy (TEM) 

Transmission electron microscope (TEM) illuminates an electron transparent 

specimen with a static beam of electrons operating at 100–400kV accelerating voltage. 

The incident electron beam is used as transmitted or diffracted electrons from the 

sample at the objective lens of the microscope are recombined by the objective lens 

to form a diffraction pattern in the back focal plane of that lens and a magnified image 

of the sample in its image plane. A series of intermediate magnetic lenses projects the 

obtained signal (an image or a diffraction pattern) onto a detector which could be a 

fluorescent screen, a film plate or a video camera (See Figure 3–7) [166]. In the 

transmitted electron–based imaging, part of the electron beam transmitted through the 

sample is scattered based on the crystallinity of the sample to create what is known 

as the bright field image—a crystalline sample will show as dark diffraction contrast 

while an amorphous sample will appear bright.  
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Figure 3-7: Schematic of ray diagrams in a TEM column showing (a) diffraction pattern 

acquisition mode (b) imaging mode [173] 

The diffracted electron beam produces dark field image which gives information about 

the crystal structure of a sample based on selected area electron diffraction (SAED) 

patterns. The diffraction pattern consists of bright ring spots representing randomly 

oriented crystallites. The radius of the diffraction ring (R), the distance between the 

sample and the detector (L) and the diffraction angle are connected as in Equation (3-

7). 
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𝑡𝑎𝑛 2𝜃 =  𝑅 𝐿⁄  ---------------------------------------------------------------- Equation 3.7 

Bragg’s law is applied to the diffraction rings to determine an unknown crystal structure 

in a sample such that the wavelength (λ), the interplanar spacing (d) and the diffraction 

angle (θ) are connected as shown in Equation (3-8)— n is the order of diffraction. 

𝑛𝜆 =  2𝑑𝑠𝑖𝑛𝜃 ---------------------------------------------------------------- Equation 3.8 

The diffraction (θ) angle in SAED is small when compared to the diffraction angle in 

X–ray diffraction; the difference stemmed from the difference in the wavelength 

between the high energy electrons and the X–rays. High energy electrons (100 keV) 

have very small wavelengths of 0.0037 nm as against 0.154 nm in X–rays. Given that 

the magnitude of the SAED diffraction angle θ is very small, sin θ is taken to be θ so 

that the Bragg equation becomes simplified to:  

𝑛𝜆 =  2𝑑𝜃 --------------------------------------------------------------------- Equation 3.9 

 Similarly, it follows that tan 2θ ≈ 2θ for a small angle; so, combining Equation (3-7) 

through to Equation (3.9) yields d, the interplanar spacing of the unknown crystal 

structure, as in Equation (3.10).  

𝑑 = (𝜆𝐿) --------------------------------------------------------------------- Equation 3.10 

Where λL is the camera constant and is obtained using a reference aluminium sample 

of known lattice parameters under the same electron–optic conditions and R is the 

radius of the diffraction ring [174].   

A JEOL 2000FX TEM (Tokyo, Japan) with a camera constant of 1.0 m operating at 

200 kV accelerating voltage with a wavelength of 0.0025 nm was used to obtain bright 

field TEM images and diffraction patterns on a fluorescent screen for the as–sprayed 

G–Al2O3 coating. 
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3.4.4 X–ray diffraction analysis 

X–ray diffraction (XRD) is a non–destructive technique used to identify the crystalline 

phases present in materials in addition to measuring the structural properties of the 

phases as in strain state, grain size, epitaxy, phase composition, preferred orientation, 

and defect structure. XRD technique uses monochromatic X–ray radiation (λ = 0.7–

2.0 Å) to cause coherent elastic scattering when incident on crystallites. The coherent 

elastic scattering would be either a Bragg scattering or an elastic diffuse elastic 

scattering; the former being for crystalline samples and the latter for amorphous 

samples. When Bragg scattering occurs, it is either of constructive or destructive 

interference; a constructive interference produces a peak. The intensity of the peaks 

depends on the atomic number (Z) of the elements involved—high–Z elements, show 

higher diffracted intensity compared to low–Z elements. Bragg scattering is 

represented mathematically as in Equation (3-9)—Figure 3–8 shows the schematic of 

Bragg scattering in an X–ray diffraction experiment [166, 175].  
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Figure 3-8: Schematic representing Bragg scattering from X–ray diffraction experiment [176] 

Data collected from diffraction experiments are often matched against database of 

diffraction patterns for the different phases that were examined. The matching of the 

collected data against the database of known patterns would aid phase identification—

a qualitative process. However, to quantify the phases as well as obtaining other 

microstructural details (crystallite size and degree of crystallinity) of the investigated 

material, requires that the accidental and systemic peak overlap characteristic of 

powder diffraction data be resolved. The peak overlap results from the projection of 

3–D reciprocal lattice data onto 1–D 2θ axis as is always the case in diffraction data. 

Rietveld method solves this problem through the least squares fit procedure where in 

the weighted sum (Sy) of the squared difference (residual, r) between the entire 

information contents of a sample diffraction pattern fitted to a calculated diffraction 

pattern model for the sample is minimized as in Equation (3.11). The least–square 

refinements is then iterated to obtain the best fit of the whole data of the observed 

powder diffraction pattern to a calculated pattern determined from simultaneously 
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refined models for the crystal structure(s), diffraction optic effects, instrumental errors, 

and other specimen characteristics like lattice parameters. 

 𝑆 ⎯ ∑ 𝑤 𝑟 ∋ = 0; 𝑤 = 1
𝜎 𝑦 ,

 -------------------------------- Equation 3.11 

𝑟 = 𝑦 , − 𝑦 ,     -------------------------------------- Equation 3.12 

𝑦 , = ∑ 𝑆 ∑ 𝐿 𝑀 𝐹 , ∅(𝑋)𝑃 𝐴( ) + 𝐵 ------------------------------- Equation 3.13 

𝐿 = ∝
( )

    -------------------------------------- Equation 3.14 

Where i = 1,2,3…n signifies a counter, yobs is the observed intensity from the specimen, 

ycal is the calculated intensity (Equation 3.13), wi is the applied weight obtained as the 

inverse of the variance (σ2) of the observed intensity. In Equation (3.13), the outer 

summation runs over all crystalline phases (p) with Bragg reflections in the diffraction 

pattern of the specimen, the inner summation runs over all Bragg reflections s(hkl) of 

a phase p, which contribute to the position i in the diffraction pattern of the specimen, 

Sp is the scaling factor applied to the reflection intensities of each phase in the 

specimen in proportion to the weight fraction of the phase, Φ is the reflection profile 

function for a small peak shift with respect to a 2θp, Ps is the preferred orientation 

function, A is the X–ray absorption factor of the specimen. Ls is the Lorentz polarization 

(Equation 3.14), Fs is the structure factor for ith Bragg reflection and Ms is the 

multiplicity factor for peak overlap—its value ranges between 2 and 48. The B term in 

in Equation (3.13) represents other non–crystalline contents  of the specimen 

diffraction data such as the background coming from thermal diffuse scattering, 

incoherent scattering, inelastic scattering and sample environment at position i in the 

diffraction pattern [175, 177].  
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The powders dried from the Al2O3 and YSZ suspensions were scanned on a Bruker 

D500 diffractometer (Siemens. AB, Germany) with a Cu Kα radiation source (1.54 Å) 

and a point detector for phase identification. The scans were completed within 10º–

120º 2θ, step of 0.05° and dwell of 4 s for phase analysis. The as–sprayed coatings 

and the heat–treated G–Al2O3 were scanned for phase analysis with 10º–140º 2θ, step 

of 0.04° and dwell of 16 s. A more detailed scan was executed for the coatings to 

reduce noise in the acquired signals. However, the powders from the YAG suspension, 

the calcined sols of the precursor, YAG coatings and thermal cycled coatings were 

scanned on Bruker D8 Advance with DaVinci X–ray diffractometer (Coventry, 

England) with a Cu Kα radiation source (1.54 Å). It however has a LYNXEYE XE–T 

high energy resolution 1D x–ray detector which allows it collect data rapidly. The scans 

on this instrument were completed within 10º–80º 2θ, step of 0.02° and dwell of 

1s/step. 

Quantitative Rietveld refinement of the XRD data was performed with TOPAS (Coelho 

Software, Australia) to quantify the phases [178]. Structure model of gamma and theta 

Al2O3 used in the Rietveld refinement of the Al2O3 samples were taken from Zhou and 

Snyder [179] while for delta Al2O3 Repelin and Husson [180] structure was used. The 

degree of crystallinity and the crystallite size in the powder and the coatings were 

obtained. The whole powder pattern fitting (WPPM) method [175] was used in the 

analysis for the crystallite size—only broadening due to coherently scattering domain 

size modelled by Lorentzian function was considered in the estimation of the crystallite 

size. 
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3.5 Thermal analysis and post spray heat treatment 

3.5.1 Thermal Analysis: specific heat, thermal diffusivity, and thermal conductivity 

Pellets of YAG and YSZ were produced from powder dried from the as–received 

suspensions of the two materials using by spark plasma sintering technique. Each 

pellet was produced using the DR.SINTER LAB. Jr model 632Lx (Fuji Electric, Osaka 

Japan) with the pressure set to 40 MPa and maintaining a dwell time of 15 minutes. 

The YSZ pellet was produced to ~ 13 mm diameter and a thickness of 2.14 mm with 

a ~ 1 g of powder at a temperature of 1000 °C and a heating and cooling rate of 100°C 

min–1— the temperature was controlled by a K–type thermocouple. The YAG pellet on 

the other hand was produced to ~ 13 mm diameter and a thickness of 1.4 mm with a 

powder of ~ 0.62 g at a temperature of 1200 °C and a heating and cooling rate of 

100°C min–1—the temperature was controlled by a portable IR–AH radiation 

thermometer of Chino Corporation (Tokyo Japan). The produced pellets were used to 

measure the specific heat of the YAG and YSZ samples on a LFA 467 HT equipment 

supplied by NETZSCH Instruments (Selb, Germany). The specific heat measurement 

was done in a range of 25 °C –1100 °C with interval of 100 °C and heating rate of 10 

°C/min. The Pyroceram standard supplied by the manufacturer was used a reference.  

Thermal conductivity (λ) of TBC topcoats is not measured directly being a derived 

quantity [154]; it can be calculated from an equation relating it to the thermal diffusivity, 

specific heat at constant pressure (Cp) and density (ρ)—λ = αCρ. The thermal 

diffusivity (α) of the coating is determined based on temperature phase measurement 

techniques while the specific heat of the coating is obtained from differential scanning 

calorimetry and the density of the coating could be calculated based on the sample 

geometry and mass. The temperature phase measurement techniques that provide 
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thermal diffusivity (α) varies. The distinguishing features of the measurement 

techniques relies on the heating and temperature sensing methods involved.  

A measurement technique with heating and temperature sensing done on opposite 

sides of the sample is termed 2-sided; this method is destructive to the sample. When 

the measurement involves heating and temperature sensing on the same side of the 

sample, it is 1-sided and considered non-destructive [181]—see Figure 3-9. The laser 

flash technique is a variant of the two-sided photothermal technique; it uses pulsed 

laser to heat up the sample face and a single infrared detector to measure the 

temperature rise on the rear face—this makes it a destructive technique and may not 

be used on an actual component coated with TBC [182].  

 

 

Figure 3-9: schematic representation of (a) 2-sided and (b) 1-sided photothermal imaging 

technique of diffusivity measurement [182]  

The laser flash technique allows fast measurement and the use of small size samples 

with simple geometry. The front face of the sample heats up from pulse of energy 

delivered by laser flash causing the back-face temperature to rise by one or two 

degree. The sample is maintained at the desired temperature for a short duration 

measurement to alleviate possible cooling effect. The flash technique of measuring 
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thermal diffusivity was first presented by Parker et al. [183] for near ambient 

temperature measurement. It has however been used extensively thereafter for high 

temperature measurement suitable for TBCs [153, 154, 184]. The analysis of the 

measurement data is based on the solution of the 1-D heat equation [183] expressed 

as: 

𝑇(𝑥, 𝑡) = ∫ 𝑇(𝑥, 0) 𝑑𝑥 + ∑ 𝑒𝑥𝑝 ∗ 𝑐𝑜𝑠 ∫ 𝑇(𝑥, 0) 𝑐𝑜𝑠 𝑑𝑥 ---- Equation 3.15 

With the initial conditions of: 

𝑇(𝑥, 0) = , 0 < 𝑥 < 𝛽 --------------------- Equation 3.16 

and  

𝑇(𝑥, 0) = 0, 𝛽 < 𝑥 < 𝐿 ----------------------------- Equation 3.17 

Where T is temperature (°C), x is small thickness (mm), t is time (s), L is total sample 

thickness (mm), β is small depth from the sample front side, α is the thermal diffusivity 

(m2/s) and q is heat flux (J/m2). At the back face of the sample where x = L, the 

temperature distribution is expressed as: 

𝑇(𝐿, 𝑡) = 1 + 2 ∑ (−1) 𝑒𝑥𝑝  ---------------- Equation 3.18 

Two dimensionless parameters J and τ are defined to normalize the response on the 

back face of the sample. 

𝐽(𝐿, 𝑡) =
( , )

 -------------------------------- Equation 3.19 

𝜏 =  --------------------------------------- Equation 3.20 

Combining (3.18), (3.19) and (3.20) gives:  

𝐽 = [1 + 2 ∑ (−1) 𝑒𝑥𝑝(−𝑛 𝜏)] ---------------------------------------------- Equation 3.21 
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The thermal diffusivity obtained from laser flash measurement is deduced from a plot 

of J against τ in which case the value of τ for when J is 0.5 is taken as 1.38 

corresponding to 50 % rise in temperature at the back face of the sample. The thermal 

diffusivity is thus written as: 

𝛼 =
.

.
  ------------------------------------------------------- Equation 3.22 

Where t0.5 is the time for the 50% rise in the temperature of the sample back face. 

The determination of the thermal conductivity of the topcoat in a TBC is however not 

straight forward. Often times, the measurement is done in a layered configuration while 

the topcoat is bonded to a substrate [135, 153, 154] at other times, the topcoat is 

obtained as a free-standing coating. The former case requires knowing the density of 

the substrate and its thermal properties (diffusivity, heat capacity and conductivity) for 

the entire desired temperature measurement range. This will then allow the 

determination of the unknown thermal conductivity of the topcoat using the rule of 

mixture [140] given in Equation (3-23). 

𝜆 =   --------------------------------------------- Equation 3.23 

ʋ represents thickness fraction while subscripts 1 and 2 are for coating and the 

substrate, respectively. Equation (3.23) was obtained based on the series heat 

conduction model proposed by Ravichandran and An [153] for multilayer coating 

architecture with basic assumptions of well bonded coating/substrate interface. The 

effect of porosity and splat interfaces are not considered in Equation (3.23). 

Thermal diffusivity measurement of the T2–YSZ coating, the S–YAG and the SP–YAG 

deposited onto AISI 304 was performed using a double layer measurement—for 

composite samples [185, 186] on the LFA 467 HT equipment. Another sample of 
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uncoated stainless steel was also measured. The measurement range for the thermal 

diffusivity was 25 °C–1000 °C for each of the samples. The samples were on 10 mm 

x10 mm in dimension as cut on a precision cutter from the as–sprayed coupons. Both 

the plain and coated sides of each composite sample was sprayed with a thin layer of 

graphite to prevent transmissibility of the laser pulse through the YAG layer.  Data 

acquisition and evaluation was done using the Proteus–Windows software package 

provided by the equipment manufacturer. The thermal diffusivity values acquired from 

the equipment was based on Equation (3.22) for thermal diffusivity described by 

Parker et al. [183]. 

The thermal conductivity of the uncoated substrate and the composite samples were 

obtained from the Proteus–Windows software package based on the one–dimensional 

heat flow equation described by Taylor [154]: 

𝜆 = 𝛼(𝑇)𝐶 (𝑇)𝜌 ----------------------------------------------------- Equation 3.24 

In Equation (3-24), λ is the thermal conductivity, α is the thermal diffusivity (as obtained 

from Equation (3-22) and ρ is density. The thermal conductivity of the coating layer 

was then obtained from Equation (3-23) based on the rule of mixture and the series 

heat–transfer model of multilayers [140, 187]. 

3.5.2 Post spray heat treatment of G–Al2O3 coatings 

Post–spray heat treatment of the as–sprayed G–Al2O3 coatings deposited using the  

G–Al2O3 suspension supplied by G was performed at 600 °C for 6 h and 750 °C for 6 

h and 48 h at ~15 °C min–1 heating rate. The coatings were furnace cooled to room 

temperature at the end of the heat treatment cycle.  Heat treatment performed at 600 
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ºC for 6 hours, 750 ºC for 6 h, and 750 ºC for 48 h yielded samples later referred to as 

HT–600–6h, HT–750–6h and HT–750–48h, respectively.  

3.5.3 Thermal cycling  

The performance evaluation of the TBC topcoats was completed by thermal cyclic 

durability tests. Here only the coatings on bond coated Ni–alloy was used—the S–

YAG, the SP–YAG and the T1–YSZ. The tests were carried out in 80–minute cycles 

using a programmable bottom–loading isothermal furnace (CM Furnaces Inc., 

Bloomfield, NJ) shown in Figure 3–9. Each cycle consists of 10–mins heat–up to 1100 

°C, 40–mins dwelling at the maximum temperature and 30–minutes forced air–cooling; 

the cooling ensured the samples reached ~ 100 °C before a reheating. Each sample 

was subjected to 100 cycles of ~ 133 hours. Samples were taken off the furnace after 

the set number of cycles for further analysis by XRD, SEM and EDX—these analysis 

would provide insight into the mechanism driving the topcoats failure in the TBC 

architecture. 
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Figure 3-10: Thermal cycling rig (a) the furnace (b) the control panel 

3.6 Mechanical Characterization 

3.6.1 Microhardness and indentation fracture toughness measurement 

The microhardness and indentation fracture toughness of the coatings were measured 

using a Vickers microhardness tester (Buehler, USA). Each measurement was done 

on a polished cross–section of the respective coating sample. The microhardness was 

measured in three rows—five on each—at a load of 10 gf. The locations of the micro 

indentation points were chosen for the individual coatings to ensure the indents were 

well situated inside the coating as well as to have the indents separated from one 

another by at least 40 μm on the horizontal and 20 μm on the vertical. The average 

microhardness of each row was presented with the associated standard error in mean. 

The microhardness and indentation fracture toughness of the as–sprayed and the 

heat–treated coatings were measured at a load of 10 gf and 100 gf respectively. Ten 

microhardness indentations were performed at the center on the polished cross–
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section of the coating. The indentation fracture toughness was estimated from five 

indents with horizontal and vertical extended radial cracks. The horizontal radial cracks 

and the vertical radial cracks run parallel and perpendicular to the coating’s surface 

respectively. The fracture toughness calculation was completed based on Equation 

(3.18) developed by Evans and Charles [188]: 

𝑲𝑰𝑪 = 𝟎. 𝟏𝟔(𝒄
𝒂⁄ ) 𝟏.𝟓𝑯𝒂𝟎.𝟓;

𝒄

𝒂
≥ 𝟐. 𝟓 ---------------------------------------- Equation 3.25 

Where KIC is the mode–I fracture toughness in MPa.m0.5, 𝑐 and 𝑎 are the crack length 

and indentation radius respectively (see Figure 3–10) while H is hardness in GPa. The 

average microhardness and the indentation fracture toughness was presented with 

the associated standard error in mean. 

 

Figure 3-11: Schematic of indent with the indentation cracks, indentation radius and the crack 

length 
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3.6.2 Nanohardness and indentation elastic modulus measurement 

Nanoindentation was carried out at room temperature on the Platform 3 rig produced 

by Micro Materials Ltd (Wrexham, UK) using a Berkovich indenter tip. Nanoindentation 

testing involves a contact measurement of unknown mechanical properties (e.g., 

elastic modulus and hardness) of a material using an indenter of defined geometry 

and known properties. The measurement yields reduced elastic modulus as a function 

of rate of change of applied load (L) to penetration depth (h) while the nanohardness 

comes from the ratio of the applied load to the projected contact area (Ap). The elastic 

modulus of the unknown material can then  be calculated by Oliver and Pharr method 

[189] where the reduced elastic modulus, Er, from the measurement data,  the elastic 

modulus of the indenter material Ei and the coating elastic modulus Ec are related as 

in Equation (3-26)—ν is Poisson ratio while c and i are used to designate coating and 

indenter, respectively. 

= +   ---------------------------------------------- Equation 3.26 

𝐸 =  ------------------------------------------------- Equation 3.27 

𝐴 = 3√3ℎ 𝑡𝑎𝑛 𝜃 ------------------------------------------- Equation 3.28 

 β is the indenter geometry correction factor (1.034 for Berkovich indenter), θ is the 

indenter face angle (65.3°) and π, a mathematical constant taken as 3.142 [190]. 

The nanohardness and the reduced elastic modulus of the coatings were obtained 

from the nanoindentation performed on the polished cross section of the coatings. The 

loading–dwell–unloading scheme was used maintaining a peak load of 20 mN for 2 s 

and a rate of 4 mN/s during loading and unloading stages for a total of 30 indentations 
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per sample in six rows (five in each row) adequately spaced from coating surface and 

coating–substrate interface. The average nanohardness of each row was presented 

with the associated standard error in mean. The Ei and 𝑣  are taken as 1140 GPa and 

0.07 respectively [191]. The Poisson ratio of bulk Al2O3 (0.22) and YSZ (0.31) were 

used for the coatings in each case [192]. 

3.6.3 Residual stress measurement 

3.6.3.1 X–ray and neutron diffraction residual stress measurement 

The X–ray diffraction residual stress surface scan of two coatings (C–Al2O3 and YSZ) 

was conducted on the D8–Discover (Bruker AXS Inc., Madison, WI, USA) with Cu Kα 

radiation source (1.54 Å) the parameters are as stated in Table 3–5. The defocusing 

of the diffractometer at tilt angles above zero (Ψ ≠ 0º) was minimized with the usage 

of high diffraction angle planar reflections (hkl) [21]. The scanned data was then 

analysed using Stress 2.0 software (PANalytical, Almelo, The Netherlands). The 

average XRD residual stress of the two coatings was calculated based on the 

differential technique that eliminates the need for a reference strain/stress free sample. 

A linear relationship is evoked between the surface stress in any direction and the 

measured interplanar lattice spacing according to Equation (3-29)—the sin2Ψ 

technique [99]. 

𝜎 =
( )

 ---------------------------------------------------- Equation 3.29 

Where d(Φψ)0 and (ΔdΦψ/Δsin2ψ) are the intercept and slope of a plot of dΦΨ against 

sin2Ψ and ʋ has the usual meaning. E has been used as macroscopic elastic modulus 

obtained from nanoindentation measurements. The value of E used thus represents 
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an average value over all possible directions in the crystal lattice; this may vary 

significantly from the diffraction elastic constant due to anisotropy [193]. 

Table 3-5: XRD residual stress scan parameters 

Parameters Coatings 

Al2O3 YSZ 

2θ, ° 139–152 111–120.6 

Step size, ° 0.1 0.1 

Dwell time, sec./step 8 8 

orientation angle, φ° 0, 90 0, 90 

Tilt angle, ψ° 0–60 0–60 

PDF card γ–Al2O3, 

00–10–0425 

Tetragonal, 

01–070–4429 

Peak 145.3° 116.2° 

 

Neutron diffraction through thickness residual strain measurements were completed 

on the two coatings at the Rutherford Appleton Laboratory (RAL) using the time–of–

flight (TOF) neutron strain scanner (ENGIN–X) at the ISIS facility. The details of the 

neutron diffractometer is published elsewhere [194, 195].  
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Figure 3-12: Schematic diagram of a time–of–flight (TOF) neutron diffractometer showing the 

orientation of sample relative to the incident neutron beam passing through a slit and the 

diffracted beam detectors 1 and 2. The volume of the sample explored by the instrument 

corresponds to the intersection of the incident and the diffracted beams, as defined by the slits 

and the collimators [195]. 

The basic concept underlining the neutron diffraction residual strain experiment 

involves a pulsed beam of neutrons with a wide energy range incident upon a sample 

positioned at an angle θB to the incident beam; a small fraction of the beam gets 

scattered into a detector at an angle 2θB. Figure 3–12 shows the schematic 

representation of the basic concept. The signal collected on detector–1 (Bank 1) 

corresponds to those in the longitudinal direction as for the impulse exchange vector 

marked q1 in Figure 3–12; this along the length of the sample while the signals 

collected on detector–2 (Bank 2) corresponds to those in the transverse direction as 

for the impulse exchange vector marked q2. The wavelength of the diffracted neutron 

collected by the detectors is defined from its time–of–flight (TOF) t, as in Equation 3-

30, assuming an elastic collision between the incident neutrons and the samples. 
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𝜆 =
( )

𝑡, –––––––––––––––––––––––––––––––––––––––– Equation 3.30 

In Equation 3.30, h, is the Planck’s constant, m is the mass of the neutron particle, L1 

and L2 represents the primary and the secondary flight paths respectively. The primary 

flight path is the distance travel by the incident neutron from the source to the sample 

while the secondary path is the distance travel by the diffracted neutron from the 

diffraction point to the detector. The wavelength, λ, obtained from Equation 3.30 is 

related to the interplanar spacing, dhkl, the Bragg’s angle and the specific peak 

position, thkl, in the TOF spectrum as in equation 3.31, such that: 

𝑑 =
( )

𝑡  ------------------------------------------------ Equation 3.31 

The peak positions can be precisely determined by applying the method of least–

squares refinement to the TOF spectrum; a typical sensitivity of the estimation of the 

peak position is approximately 50 με (1 με = 10–6) defined by δε = Δthkl/thkl = Δdhkl = 

dhkl. 
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Figure 3-13: Neutron diffraction strain measurement setup on ENGIN–X 

The samples for the neutron diffraction experiment comprise as–received AISI 304 

stainless steel used as the reference for the substrate, a AISI 304 stainless steel 

substrate coated with Al2O3 and another AISI 304 stainless steel substrate coated with 

YSZ as well as pulverized coatings of Al2O3 and YSZ used as the reference sample 

for the coatings. The pulverized coating was obtained by repeated mechanical bending 

of the coated substrates. The set–up of the experiment is as shown in Figure 3–13; at 

each time during the experiments, samples were oriented at 45° to the neutron source. 

The sample orientation to the neutron source allows the detectors shown as Bank 1 

and Bank 2 collect signals along the length of the sample (longitudinal direction) and 

the width of the sample (transverse direction) respectively. The incident neutron 

beam/gauge volume was partially submerged and traversed vertically through the 

coating thickness and near the coating substrate interface—this ensures high spatial 
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resolution [196]. The interval between scanned points in the coatings were maintained 

at 50 µm for the C–Al2O3 and 40 µm for the YSZ coating. The substrate was scanned 

using a fully submerged gauge volume at intervals of 50 µm for depth profiling of strain 

in the substrate material. The gauge volume used was 4 mm x 4mm x 200 µm with 

double slits positioned along the neutron incident path. The slit–to–sample separation 

was ~ 135 mm for the Al2O3 coating and ~ 155 mm for the YSZ coating.  The respective 

pulverized coating samples were scanned as a reference for the coating layer in the 

coating–substrate composite while the as–received AISI 304 stainless steel was 

scanned as the reference for the substrate layer.  

The residual strain in the coatings and the substrates were estimated using the single 

peak fitting analysis approach [197] using the neutron data analysis software, Open 

GENIE V2.3, provided by the CCLRC Rutherford Appleton laboratory (Didcot, 

England). The shift in the individual peaks of the coatings and the substrate were 

related to the interplanar lattice spacing of the reference samples as in Equation (3-

32) to calculate the strain. Details of the peak fitting procedure used to extract the 

interplanar lattice spacing needed for the calculation of the strain is provided in 

Appendix A.  

𝜀 ⁄ =
/

 ------------------------------------------------------------ Equation 3.32                                                          

In Equation (3-32), ɛ is the strain, d is lattice spacing, c and s signify coating and 

substrate while 𝑑  is the lattice spacing from the reference samples.  

The elastic stress was then calculated from Equation (3-33)—it relates the stress to 

the strain, the elastic modulus and the poison’s ratio.  
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𝜎 = 𝜀 + 𝜀 + 𝜀 + 𝜀   ------------------------------------------- Equation 3.33 

Here, i, j and k specify measurement directions x, y and z respectively— E, ʋ, ɛ and σ 

have their usual meanings. Plane stress condition is imposed for the calculations 

because the samples studied fits a flat plate model—the thickness of the samples is 

small compared to the longitudinal and transverse dimensions. The flat plate model 

requires the samples were not loaded in the direction perpendicular to the plane of the 

plate [198]. The flat plate assumption also fits at the interface since the overall coating 

thickness is 200 µm for the Al2O3 coating and 120 μm for the YSZ coating and there 

is no transversal load applied to the face of the coatings. The weighted average of 

each of the stresses in the longitudinal and transverse directions were in turn 

calculated. 

3.6.3.2 Incremental hole–drilling residual stress measurement 

Through thickness residual stress profile of the two coatings (C–Al2O3 and YSZ) was 

calculated from relaxed strain measured by incremental hole–drilling completed with 

the Stresscraft Ltd (Loughborough, UK) hole–driller using a diamond impregnated 

inverted cone cutter (see set–up is shown in Figure 3–14). The data collected from the 

hole drilling measurement was analysed based on the UK National Physical 

Laboratory (NPL) Measurement Good Practice Guide 53 [100]. The analysis was 

completed with the Stresscraft RS INT software (v5.1.3) based on the integral method 

described by Schajer [199]. 
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Figure 3-14: Incremental hole–drilling residual stress measurement setup 

The integral method is the most reliable analytical procedure for the analysis of relaxed 

strain data obtained from incremental drilled hole—it uses finite element based 

calibration procedure [199]. The Integral Method utilizes the contributions of the 

corresponding stresses (σ(H)) at all depths of the drilled hole to the total measured 

strain relaxations, such that the relaxed strain as a function of depth, εr(h), is as given 

in Equation (3.34). 

ε (ℎ) =
( )

∫ 𝐴(𝐻, ℎ) 𝜎(𝐻)𝑑𝐻 0 ≤ 𝐻 ≤ ℎ ------------------------------ Equation 3.34 

Â(H, h) represents strain relaxation per unit depth caused by a unit stress at a depth 

H from the surface when the hole is at depth h. ν and E are the Poisson ratio and the 

elastic modulus of the material specimen, respectively.  H is the dimensionless depth 

from the specimen surface while h is the dimensionless hole depth; each one obtained 
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by dividing the depth from the specimen surface (in mm) and the hole depth (in mm) 

by the mean radius (rm, in mm) of the strain gauge rosette, respectively. Practically, 

ϵr(h) is determined only for at n discrete points within the specimen, corresponding to 

n number of hole depths at successive increments, such that hi, = 1, 2, 3, n is known. 

To that extent, an approximate solution of Equation (3.35) can be achieved using its 

discrete form as: 

∑ 𝑎 𝜎 = 𝜀  1 ≤ 𝑘 ≤ 𝑖 ≤ 𝑛 --------------------------------------- Equation 3.35 

where εi is the measured strain relaxation after the ith hole depth increment, σk is the 

equivalent uniform stress within the jth hole depth increment, āik  is the strain relaxation 

due to a unit stress within increment j of a hole i increments deep and n is the total 

number of hole depth increments. Â(H, h) is related to āik as in Equation (3.36)—its 

solution is obtained through finite element analysis. 

𝑎 = ∫ 𝐴(𝐻, ℎ )𝑑𝐻 --------------------------------------------------------- Equation 3.36 

The hole–drilling was completed using the orbital milling method to forestall damage 

around the drilled hole yet the microstructure of a thin layer around the hole could 

change. Also, ceramic coatings are susceptible to micro cracks—this influence 

residual stress measurement by the hole–drilling method [200]. The relaxed strain was 

measured by an EA–06–062RE target three–gauge rosette (Vishay Precision Group, 

Malvern, Pennsylvania, United States) with a mean radius (rm) of 2.57 mm. The 

gauges are radially oriented to be 45º to one another [100] to ease the mathematical 

representation of the relationship between the calibration constants, the relaxed 

strains and the required stresses [199]. The two perpendicular gauges were oriented 

to allow one record the longitudinal strain (ϵ1) and the other record the transverse strain 
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(ϵ3). Each gauge recorded relaxed strain data at each depth of a 1 mm diameter hole 

drilled to 16 incremental depths: of four 32 µm, four 64 µm and eight 128 µm to reach 

a final hole depth of 1408 μm. This agrees to the recommendation of the hole depth 

being equal to the diameter of the hole to reduce the accompanying structural damage 

the hole-drilling technique causes [100].  

The through thickness residual stresses were evaluated based on the elastic modulus 

obtained from the nanoindentation tests. The evaluation yielded longitudinal, 

transverse and shear stresses converted to the maximum and minimum principal 

stresses using Equations (3.37) and (3.38) respectively.  

𝜎 = + + 𝜏   -------------------------------------- Equation 3.37 

 𝜎 = − + 𝜏   -------------------------------------- Equation 3.38                            

Where σ and τ represents the normal and shear stress; x and y indicate the longitudinal 

and the transverse directions, respectively. The average of each of the stresses in the 

longitudinal and transverse directions were also calculated. All tensile stresses were 

recorded as positive and the compressive stresses with a negative sign. 

3.7 Wear test 

The as–sprayed and the heat-treated G–Al2O3 coatings polished to 1 µm finish were 

tested for dry sliding wear at room temperature (~ 25 °C, humidity ~ 60 %) using a 

conventional ball–on–flat apparatus set up for reciprocating configuration (See Figure 

3–15). α–Al2O3 balls (Ø 9.5 mm) were used as counterbodies. The setup was balanced 

in equilibrium by adjusting the distance (z) between the empty weight hanger (Mh) and 

the balance weight (Wb) before adding the test weight (L) of 650 g on the weight 
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hanger—this is the minimum weight that ensures the setup remains in equilibrium with 

the counter body position adjusted between the weight hanger and the pivot as shown 

in the free body diagram in Figure 3–16. The attained equilibrium position corresponds 

to a normal contact load (P) of 16.8 N on the test sample. The revolution counter was 

set to attain 60 rev/min and a sliding speed of 20 mm/s; the total sliding distance was 

36 m with a track length of 10 mm for each test. The testing was performed twice on 

each coating to show repeatability.  

 

Figure 3-15: Wear test rig 
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Figure 3-16: Free body diagram of wear test set–up 

The depth of the wear track was measured with an Alicona Infinite Focus Advanced 

3D System (Raaba/Graz, Austria) to give specific wear rate (SWR). The measurement 

was based on focus variation microscopy (FVM) in which the topography of a surface 

is constructed from the collections reflected light coming off the sample surface. A 

stack of 2D images of the surface is obtained through vertical (z) scans the surface of 

a sample. The surface of a sample is detected for each pixel by finding the 

corresponding z–location with the highest sharpness. The sharpness of each image 

pixel is calculated by the system in–built algorithm. The measurement is repeated for 

each lateral position of interest to obtain the depth profile of a surface [201, 202]. Five 

cross–sectional profiles were taken at different locations along the wear track length 

to obtain the effective area of material loss, which were then multiplied by the track 

length to calculate volumetric material loss. The specific wear rate was thus the ratio 

of the volumetric material loss to the product of total sliding distance and normal 

contact load. The wear of the α–Al2O3 ball was estimated on the assumption that the 

flattened wear scar, covering the contact points on its face, depicts a spherical crest 

see the schematic in Figure 3–17. The volumetric material loss of the counter body 

was thus estimated from Equations (3-39) and (3-40) described by Tippaban in [203]—
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d is the depth of the scar, a is the radius of the scar, r is the radius of the ball while V 

is the volumetric material loss. Coating wear track morphology was examined using 

scanning electron microscopy and the scar on the α–Al2O3 counter body was 

examined with an optical microscope (Nikon Eclipse LV100ND–Tokyo, Japan). 

𝑉 = 𝜋𝑑 𝑟 −  ---------------------------------------------------------- Equation 3.39 

𝑑 = 𝑟 − (𝑟 − 𝑎 ) ------------------------------------------------------ Equation 3.40 

      

 

Figure 3-17: Schematic of the sample and the counter body (a) initial set up (b) ball on flat with 

wear on both the ball and the sample (c) representation of the ball wear showing depth of the 

scar, ds, radius of the ball, rb, and the radius of the scar, a. 

3.8 Summary 

The experimental techniques described in this chapter were applied in the study of 

thermally sprayed ceramic coatings deposited using three materials namely: Al2O3, 

YSZ and YAG. The techniques used include X–ray diffraction, neutron diffraction, 

electron microscopy (SEM and TEM), optical microscopy, image–analysis, 
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incremental hole–drilling, nano and micro indentation, thermal cycling, thermal 

conductivity, differential thermogravimetry (DTG), Fourier transform infra–red (FTIR), 

and diagnostics features analysis. The results of the conducted experiments are 

presented in the proceeding chapters to provide understanding of the microstructure, 

the phase compositions, the wear performance and the thermo–mechanical features 

of the coatings. The understanding provided would guide to the justification of the set 

objectives of this thesis.



Tunji Adetayo Owoseni, MSc  Chapter Four 
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Microstructure and wear resistant Al2O3 coating 

4.0 Introduction 

This chapter presents the results of microstructural study and the wear performance 

of Al2O3 coatings, in the as–sprayed and the heat–treated form. Previous studies on 

thermally sprayed Al2O3 coatings have typically deposited γ–Al2O3 coatings from 

thermodynamically stable α–Al2O3 powder [85, 204-206]. Manufacturing 

thermodynamically stable α–Al2O3 feedstock powder is achieved through the Bayer’s 

process. Bayer’s process is the commercial route to produce gibbsite [Al(OH)3] from 

bauxite—a mixture of gibbsite and impurities of iron oxides and silicates. The 

calcination of gibbsite—the last stage of the Bayer’s process yields the desired α–

Al2O3 at temperatures above 1000 °C. However, many of the transitional Al2O3 

phases can be produced at lower temperatures [75, 77].  Producing α–Al2O3 powder 

from Al2O3 salts is energy intensive and ultimately a wasteful process when thermal 

spraying of the α–Al2O3 powder results in the formation of γ–Al2O3. An alternative and 

more sustainable approach is to use a metastable Al2O3 feedstock which is easier to 

obtain and can transform to γ–Al2O3 during thermal spraying. Despite the low cost and 

availability, there has been little attention given to metastable Al2O3 powder as 

feedstock for thermal spraying. The Al2O3 coating used for the work presented in this 

chapter was deposited by SHVOF thermal spraying of suspension containing 

metastable Al2O3 described as G–Al2O3 in Section 3.3. The microstructural evolution 

of the coatings due to deposition and heat treatment was studied using XRD and 

electron microscopy (SEM and TEM). Microhardness and indentation fracture 

toughness of the coatings were also measured to investigate the correlation between 

the microstructure and the wear performance of the coatings. 
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4.1 As–received Al2O3 suspension: Particle size distribution (PSD) and phase 

analysis 

The SE electron image of the Al2O3 powder particles dried from the G–Al2O3 

suspension is shown in Figure 4–1. The Al2O3 particles  present as agglomerates; the 

individual particles in the agglomerates are of irregular morphology. Qualitative 

inspection of the particle size suggests each particle is less than 200 nm. The particle 

size from the SEM image agrees with the particle size distribution (PSD) of the 

suspension shown in Figure 4–2. The  PSD is mono–modal based on the distribution 

shown with a median size (D50) of ~ 137 nm. The other two descriptive sizes for the 

particles are the D10 and the D90, which for the G–Al2O3 particles are ~ 83 nm and ~ 

225 nm respectively. The ratio of the descriptive sizes is used to calculate the 

sharpness index of the particles—a measure of the gravitational classification of the 

particles to suggest the possibility of flocculation or sedimentation in a liquid medium. 

The ratio of D10/D50 is used to define the fine fraction and D50/D90 for the coarse fraction 

[207]. The sharpness index obtained for both the fine and coarse fraction is ~ 0.6 for 

the particles in the suspension; thus, the suspension has equal proportions of fine and 

coarse aggregates.  
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Figure 4-1: Secondary electron (SE) scanning electron micrograph showing nanometric Al2O3 

powder remaining after drying of suspension. 

 

Figure 4-2: Particle size distribution profile of Al2O3 particles in the as–received suspension—

the curve marked ‘a’ is the volume % of the particle distribution, the one marked ‘b’ is the 

cumulative volume % of the particle distribution 

(a) 

(b) 
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Figure 4-3: XRD profiles of G-Al2O3 powder obtained from the as–received Al2O3 suspension 

showing phase composition—Rietveld analysis was done by Dr Zdenek Pala 

The XRD profile of the powder dried out of the as–received Al2O3 suspension is 

presented in Figure 4–3. The analysis shows the powder has two metastable phases: 

delta Al2O3 and theta Al2O3 [76]. The delta Al2O3 with a tetragonal crystal structure 

makes ~ 81.2 % of the powder while theta Al2O3 with the monoclinic crystal structure 

makes the balance. The peaks as shown in the figure overlap and are broad. The 

broad peak is characteristic of reduced crystallite size, stacking fault and twinning.  

4.2 Splat formation and the diagnostic features of in–flight particles 

Splats generated during thermal spray process comes in varying morphology and 

sizes. The size of the splats can be connected to the size of the individual particles 

[208] and/or of the agglomerates [9] in the feedstock used during the deposition 

process. The geometrical morphology of splats could be linked to the initial surface 

temperature of the substrate [209, 210] and the inclination of the substrate to the 

vertical axis [211]. The ideal splat morphology is circular with little or no 

splashing/fragmentation that could have caused the formation of fringes. A circular 
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splat is obtained when a molten material impacts a substrate maintained at 0° to the 

vertical axis and/or the substrate is preheated to a temperature above 100 °C before 

deposition. The substrate preheating would reduce the thermal gradient between the 

splat and the substrate. An increased thermal gradient means increased heat transfer 

rate at the interfacial boundary between the splat and the substrate; this will cause 

rapid solidification at the interface.  While the splat contact layer with the substrate 

solidifies, its top layer remains in the liquid phase; it continues to flow to form other 

than the circular shape. Under this condition, the splats would lose its circularity; it 

forms fringes. Besides this interfacial based mechanism, protrusion on the substrate 

surface either due to grit blasting or presence of already laid splats [210] can also 

cause splashing.  

  

 

Figure 4-4: SE images showing oval, elliptical and irregular shapes of G–Al2O3 splats collected 

on polished AISI 304 substrate—the individual plate shows the diversity of the splats collected 

from the fast single swipe of the spray gun. 
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Al2O3 splats collected onto AISI 304 substrate polished to 1 μm are shown in Figure 

4–4. The SEM micrograph of the splats suggests three main morphologies dominates 

the geometry of the splats collected. The geometry of the individual splat types has 

been described with two parameters—the aspect ratio and the top surface area. The 

aspect ratio describes the ratio of a major to a minor diameter; it is unity for a circular 

geometry [211]. The top surface area depicts the size of each splat; the splats with the 

smallest surface area also have aspect ratio of about unity. The other categories of 

splats identified have surface area of up to 70 μm2—See Figure 4–5. A visual 

inspection of the remaining two categories of splats in addition to aspect ratio suggest 

some of the splats are elliptical, while the biggest ones have irregular edges 

characteristic of a splashed liquid.  

 

Figure 4-5: Morphological description of G–Al2O3 splats—aspect ratio plotted against top 

surface area 
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The qualitative features of the splats suggest they are produced from molten particles; 

this is supported by the diagnostic characteristics of the in–flight Al2O3 particles 

recorded from the Accuraspray—twenty-eight values were analysed for each data set 

(see Appendix B). The average temperature and velocity of the particles were 

recorded as 2045 ± 5°C and 1002 ± 20 m/s respectively. The error range for the 

recorded temperature and velocity due to the uncertainties of the coating deposition 

process are ±61°C and ±30 m/s respectively. The uncertainties could result from 

variation in the flame power due to possible varying flow rate of the hydrogen fuel and 

oxygen. The suspension flow rate could also fluctuate momentarily. It is also 

impossible to ascertain the inflight particle size after the hydrodynamic break up on 

injecting the suspension into the combustion chamber. The temperature of the in–flight 

particles confirm the particles were molten given that the melting point of Al2O3 is ~ 

2000 °C. The molten Al2O3 impinging the substrate at an average velocity of 1002 m/s 

could not have remained rounded on impact—this is true especially for the large splats 

which have impacted the substrate directly. The splat morphology thus described here 

will be shown later to influence the coating build up.  

4.3 Microstructural characterization of the coatings 

4.3.1 Surface morphology and cross–sectional features of the as–sprayed coating 

The top surface and the cross–sectional image of the G–Al2O3 coating are presented 

in this subsection to describe the basic features of the coating in its as–sprayed form. 

The top surface image of the coating shown in Figure 4–6(a) is presented in low 

magnification to provide a representative view of the surface morphology of the 

coating. The coating in its as–sprayed form covers the top face of the substrate; it 

comprises of splats of varying sizes and morphology. The splats were overlaid 
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haphazardly; the random splat arrangements engender the formation of inter–splat 

gaps identified as voids. Despite the presence of the inter–splat voids overall the 

coating shows no visible cracks.  

 

Figure 4-6: Scanning electron micrographs of the as–sprayed G–Al2O3 coating showing (a) 

low magnification SE micrograph of the surface morphology with no visible cracks (b) back 

scattered electron (BSE) micrograph of the cross–section with good coating–substrate 

bonding 
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A BSE cross–sectional image of the as–sprayed G–Al2O3 coating shown in Figure 4–

6(b) shows the coating thickness, visible defects, and the coating/substrate interface.  

The coating shows good bonding to the substrate giving the absence of cracks or 

delamination at the coating–substrate interface.  The implication of the random overlay 

arrangement of the splats also shows as pores and voids as the visible defects on the 

coating cross–section. The thickness of the coating measured with image analysis 

procedure is ~ 40 ± 2 µm corresponding to ~ 5 ± 0.3 µm per spray pass.  

4.3.2 Amorphous/crystalline phases in the as–sprayed G–Al2O3 coating from TEM–

SAD 

A lamella lift–out was obtained from the as–sprayed G–Al2O3 by FIB milling; the 

sequential order of the lift–out procedure is depicted by Figure 4–7. The FIB milled 

trench in the coating is shown in Figure 4–7 (a); the milled section was cut open, 

showing as a cantilever in Figure 4–7 (b) ready to be transferred on to a probe. The 

milled section on the probe as shown in Figure 4–7 (c) was then thinned to electron 

transparency as in Figure 4–7 (d). The dimension of the lift–out comes to ~ 5 μm x 3 

μm and a thickness of ~ 100 nm.  
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Figure 4-7: FIB milling procedure showing (a) milled trench and the milled section (b) the milled 

section ready to be transferred to the lift–out probe (c) the lift–out on the probe (d) the electron 

transparent lift–out—this was obtained with the help of Dr Christopher Permenter 

A bright field TEM image was obtained from the lift–out, as shown in Figure 4–8 (a), 

for selected area electron diffraction pattern (SAED). The bright field image shows two 

plain sections without overlaid dark patches (marked A) and another with dark patches 

(marked B). Selected area electron diffraction (SAED) pattern was obtained from each 

of the regions to identify the phase structure in the representative area from which the 

lift–out was milled. The SAED patterns from the regions marked “A” and “B” in Figure 
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4–8 (a) are shown in Figure 4–10 (b) and (c). The SAED pattern in Figure 4–8 (b) 

shows diffused hallo rings. This indicates the region marked “A” composed of 

amorphous phase. The region marked “B” shows diffraction contrast to indicate the 

presence of a crystalline phase. The distinct crystalline phase in the region was 

identified from the diffraction pattern shown in Figure 4–8 (c) as the FCC γ–Al2O3 with 

the following hkl parameters:(111), (311) and (220). 

 

 

Figure 4-8: (a) Top surface bright field TEM image of the FIB lift–out from the Al2O3 coating; 

(b) SAD pattern corresponding to the region marked "A"  in (a); (c) SAD pattern corresponding 

to the region marked "B" in (a)—this was obtained with the help of Dr Nigel Neate 
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4.3.3 Phases in the as–sprayed and heat–treated coatings 

Combined results of the Rietveld refinement analysis of the XRD data of the as–

sprayed and the heat–treated G–Al2O3 coatings (HT–600–6h3, HT–750–6h4 and HT–

750–48h5) are shown in Figure 4–9. The as–sprayed coating and the HT–600–6h 

coating has amorphous and crystalline phases; the amorphous contents show as a 

broad hump at the 32° and the 62° 2θ positions. The degree of crystallinity of the as–

sprayed coating was ~ 20 %; the 20 % crystalline phase predominantly comprises of 

cubic γ–Al2O3. The presence of the cubic γ–Al2O3 in the as–sprayed coating reinforces 

the results of the SAED presented in subsection 4.3.2 above. The ht–600–6h coating 

though retains the observed amorphosity in the as–sprayed coating, it shows 

additional crystalline Al2O3 phase to the cubic γ–Al2O3 detected in the as–sprayed 

coating; it shows trace amount of corundum (α–Al2O3).  

 
3 600 °C, 6 h 
4 750 °C, 6h 
5 750 °C, 48h 
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Figure 4-9: XRD scan profile of as–sprayed and heat-treated G–Al2O3 coatings—Rietveld 

analysis was done by Dr Zdenek Pala 
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Table 4-1: Phase quantification and crystallites size in the Al2O3 samples 

 

S/N Coatings 

γ–Al2O3  δ–Al2O3 θ–Al2O3  α–Al2O3  

Crystallite 

size (nm) 
(%) 

Crystallite 

size (nm) 
(%) (%) (%) 

 as–sprayed 31.8 93.05 – – – – 

2 HT–600–6h 33.5 83.56 – – – 0.36 

3 HT–750–6h 17.5 6.03 10.9 87.06 2.80 0.04 

4 HT–750–48h 17.7 4.62 11.1 88.45 4.61 0.06 

 

The remaining two coatings heat–treated at 750 °C (HT–750–6h and the HT–750–48h 

) show new Al2O3 phases that were not seen in neither the as–sprayed coating nor the 

HT–600–6h coating. The presence of more crystalline phases was in addition to 

reduced amorphosity and γ–Al2O3 contents; this can be seen in the Rietveld 

refinement profile of the coatings. The γ–Al2O3 and amorphous phases in the as–

sprayed coating has mostly transformed to tetragonal δ–Al2O3 with trace amounts of 

monoclinic θ–Al2O3 in both the HT–750–6h and the HT–750–48h coatings. Other than 

the phase transformation engendered by the heat–treatment, each of the coating also 

show varying crystallite sizes. Table 4–1 shows the summary of the Al2O3 phase 

quantifications  and the crystallite size in the four coating samples. The 

crystallographic features of the as–sprayed coating have not changed much after the 

heat treatment at 600 °C, only ~ 9% loss in γ–Al2O3 phase and an approximate 

crystallite size range (< 2 nm). The 150 °C increase to the heat treatment temperature 
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creates significant change in the crystallographic features; over 80% of the γ–Al2O3 

phase got transformed to two metastable phases and trace amount of corundum. The 

transformation was accompanied by 50–60% reduction in the crystallite size of either 

of γ–Al2O3 and δ–Al2O3. The obvious effect of the crystallite size reduction shows as 

broad peaks in the Rietveld refinement profiles of both the  ht–750–6h and the ht–

750–48h coatings. Reflections of α and γ–iron detected in the patterns are from the 

substrates; this is due to the surface cracks that accompanied the post spray heat 

treatment. The calcite in the pattern is a sample mounting artefact; it could be avoided 

by using little amount of calcite that can be hidden away under the sample during the 

X-ray scan. 

4.4 Post spray heat–treatment: porosity, microhardness, and the indentation 

fracture toughness of the G–Al2O3 coatings 

The porosity and micro–mechanical properties of G–Al2O3 coatings heat–treated at 

two different temperatures (600 °C and 750 °C) and for two different durations (6h and 

48h) are compared to those of the as–sprayed G–Al2O3 coating in this sub–section. 

The change in the microstructure of the coatings after the post spray heat–treatment 

is presented with magnified BSE micrographs of the cross–sectional images shown in 

Figure 4–10. The pores in the four coatings shown in the figure are the darker features 

in contrast to the identified splats; the pores are unevenly scattered across the cross–

section of the coatings. The size and morphology of the pores varies in each of the 

coatings. The summary of the change in the microhardness and the porosity of the 

heat–treated coatings as they compare to those of the as–sprayed coating is 

presented in Table 4–2. The porosity analysis was based on the volumetric ratio of 

pores to solids (splats) in the coatings.  
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Table 4-2: Porosity and microhardness of as–sprayed and heat–treated G–Al2O3 

S/N Coatings Porosity (%) Microhardness (GPa) 

1. as–sprayed 7.3 ± 0.4 9 ± 1 

2 ht–600–6h 5.4 ± 0.4 12 ± 2 

3 ht–750–6h 6.4 ± 0.5 14 ± 3 

4 ht–750–48h 5.7 ± 0.5 16 ± 3 

 

 

Figure 4-10:BSE micrographs of the cross–section of G–Al2O3 coatings showing molten splats 

and pores in (a) as–sprayed coating (b) heat treated coating at 600 °C for 6 h—ht–600–6h. 
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(c) and (d) show coatings heat treated at 750 °C for 6 h and 48 h—ht–750–6h and ht–750–

48h respectively with sintered splats and pores 

The observed changes in the microhardness scales with the change in the 

microstructure of the coatings as depicted by the change in the porosity. A typical 

indent obtained by Vickers microhardness testing on the cross section of the coatings 

is shown in Figure 4-11. The as–sprayed coating had a mean microhardness of 9 ± 1 

GPa, which falls in the reported range of 6–9 GPa for SHVOF thermally sprayed Al2O3 

coatings [212]. The microhardness of the ht–600–6h coating was 12 ± 2 GPa, which 

is an improvement of 30 % over the as–sprayed coating. A further increase was seen 

for the ht–750–6h and the ht–750–48h coatings with microhardness values of 14 ± 3 

GPa and 16 ± 3 GPa respectively.  

 

Figure 4-11: Optical image of the cross section of G-Al2O3 coating showing Vickers micro 

indents 
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Figure 4-12: (a) Fracture toughness of as–sprayed and heat treated Al2O3 coatings at various 

time and temperature (b) Crack extension plot for the measured fracture toughness of as–

sprayed and heat treated Al2O3 coatings—see Table 19 in Appendix E for the 95 % confidence 

level of the mean of the data set. 
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The fracture toughness (KIC) of the as–sprayed and heat–treated coatings is shown in 

Figure 4–12 (a). The as–sprayed and ht–600–6h coating have the lowest KIC with 

values of ~ 0.8 ± 0.1 MPam0.5 and 0.7 ± 0.1 respectively while the ht–750–6h and ht–

750–48h coatings have values of ~ 1.2 ± 0.2 MPam0.5 and 1.7 ± 0.5 MPam0.5 

respectively. The normalised crack extension plot in Figure 4–12 (b) shows c/a values 

which indicate the compliance of the obtained values calculated with the Evans and 

Charles model [188]. It shows the tendency of c/a to increase as KIC/0.16Ha0.5 

decreases. The corresponding c/a value to an estimated KIC should be ≥ 2.5 to fit the 

model. The compliance of the values obtained for the ht–750–48h coating are reduced 

if its c/a range is considered. 

4.5 Wear performance of the Al2O3 coatings 

The wear performance of the individual Al2O3 coatings, the as-sprayed and the heat-

treated, was tested in a dry sliding mode of like–on–like using α–Al2O3 ball as the 

counter body on flat samples. The  specific wear rates of the coatings and the counter 

bodies were obtained based on the descriptions provided in Section 3.7. The sliding 

wear test results showed good repeatability, considering the data in SWR–1 (test 1) 

and SWR–2 (test 2). The four coatings exhibit specific wear rates below 10–6 mm3 

(Nm)–1  as shown in Figure 4–13—)—further statistical analysis of the data is 

presented in Appendix E. The as–sprayed and the ht–600–6h coating showed a 

similar order of specific wear rate after a sliding distance of 36 m. This performance is 

about one order of magnitude lower than what was measured in the ht–750–6h coating 

that was only tested for a sliding distance of ~ 4 m. The ht–750–6h and the ht–750–

48h coatings differ by up to one order of magnitude, although the latter only lasted for 

a sliding distance of ~ 1 m after which it showed severe wear behaviour. The counter 
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body only experienced measurable wear against the as–sprayed and the ht–600–6h 

coatings. The specific wear rates on the α–Al2O3 balls was a little more than one order 

of magnitude higher than the specific wear rates seen on the coatings—Figure 4-14. 

The counter–body on the HT–750–6h and the HT–750–48h coatings did not show any 

measurable wear.  

 

 

Figure 4-13: Specific wear rate in unlubricated sliding wear tests of as–sprayed and heat 

treated Al2O3 coatings tested against α–Al2O3 ball (9.5 mm diameter, 16.8 N normal load)—

see Table 20 in Appendix E for the 95 % confidence level of the mean of the data set. 
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Figure 4-14: Specific wear rate  of counter body α–Al2O3 balls for as–sprayed  and coating 

heat treated at 600 °C for 6h (HT–600–6h)—no measurable wear for the HT–750–6h and the 

HT–750–48h coatings, so not presented here. 

4.5.1 Top surface micrographs of wear samples 

The SE top surface micrographs of the wear tracks on the four coatings were obtained 

to provide insight into the possible wear mechanism exhibited by the respective 

coatings. The images of the worn contact areas of the counter bodies were obtained 

by optical microscopy. In either of the cases of the coatings and the counter bodies, 

the samples of the as-sprayed coating are compared to the heat-treated samples. 

Figure 4–15 shows the combined SE micrographs of the tested four coatings. The as–

sprayed and the HT–600–6h coatings appear to have experienced less material loss; 

the image of the wear for the two coatings only show fine–grooved tracks marked by 

the arrows. The ht–600–6h coating showed additional features of tribofilm features  as 

in Figure 4–15(b); this feature is similar to a type II tribofilm described by Yang et al. 

[213]. The type II tribofilm would consist of fine grains of similar size as may be 

compared to the ones identified on the wear track of the ht–600–6h coating. In 

contrast, the wear tracks of the ht–750–6h and the ht–750–48h coatings presented in 

Figure 4–15 (c) and (d) respectively are covered by wear debris. The debris are piled 

delaminated materials of the coatings which has been crunched in between the 

reciprocating contact between the coating top surface and the counter body. The wear 

regime of the four coatings is distinct; the as-sprayed coating and the ht–-600–6h show 

mild wear as against the severe wear of the ht–750–6h and the ht–750–48h coatings. 

This will be further checked by examining the images of the counter bodies worn 

against each of the coatings as shown in Figure 4–16. 
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Figure 4-15: SE micrographs of the wear track of the sliding wear tests of (a) the as–sprayed 

coating (b) the HT–600–6h coating—test was for a sliding distance of 36 m; arrows show 

incipient plastic shearing and tribofilm. (c) the HT–750–6h coating, test was for a sliding 

distance of ~ 4 m and (d) the HT–750–48h test was for a sliding distance of only ~ 1, arrows 

show wear debris. 

 

A further understanding of the wear mechanism is supported through the examination 

of the counter bodies worn against each of the four coatings. Mild wear will leave or 

no track on the counter body while a severe wear would show material transfer to the 

counter body or scar showing material loss to the tested sample [214]. The optical 

image of the individual counter bodies worn against the as-sprayed coating and the 

ht–600–6h coating show wear scars; no proof material transfer is evident as shown in 
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Figure 4–16 (a) and (b) respectively. This suggests mild material loss in the test 

samples and on the counter body. Differently, the counter bodies worn against the ht–

750–6h and the ht–750–48h coatings have no presence of scar instead, the contact 

area on the balls show materials transferred onto it from the test samples as in Figure 

4–16 (c) and (d). This supports the proofs of severe wear regime seen on the SE 

micrographs of the test samples. 

 

 

 

Figure 4-16: Optical images of α–Al2O3 ball counter bodies used in sliding wear tests of the 

(a) as–sprayed coating (b) HT–600–6h coating (c) HT–750–6h coating (d) HT–750–48h—the 

arrows show material transferred from the worn coatings. 
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4.6 Discussion 

The discussion section is separated into two parts—the first part explains the coating 

microstructure and phase evolution while the second part explains the wear 

performance of the coatings.  

4.6.1 Microstructure and evolution of phases  

Whether or not a thermal spray coating is deposited as a dense or porous coating is 

connected to the morphology of the individual splats that forms the microstructure of 

the coating. Disk-like splats or splats with aspect ratio of ~ 1.0 would yield coatings of 

dense microstructure with improved adhesion strength [215]. The morphology of the 

splats which forms the microstructure of a thermal spray coating depends on the 

spread and solidification of the splats. The spread and solidification of the individual 

splat is preconditioned on the temperature and velocity of the particle/agglomerate 

from which it will be formed—this is in addition to the deposition surface condition of 

temperature and/or roughness [209, 211]. Increased deposition surface temperature 

creates disc-like splats, increased splat cooling rate and high substrate/coating 

bonding or inter-splat bonding. While most of the published work on Al2O3 splat studies 

have been based on APS process; the coatings presented in this thesis were produced 

using a modified HVOF gun which produces coatings at hypersonic speed [205].  

The homogenous microstructure of the as–sprayed Al2O3 coating presented here was 

built from splats of varying sizes and morphologies which formed from molten 

agglomerates of particles of different sizes. The deposition process precludes pre-

heating of the substrates, a condition that should promote the formation of disk-like 

splats in the formation of the coating microstructure. This must be the reason why most 
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of the splats collected in the buildup of the as-sprayed coating where either elliptical 

or of irregular morphology. Despite the dominance of the non-disk-like splats in the 

coating build up, its porosity still fits the 5–7 % range reported of typical Al2O3 coatings 

developed from nano and micro sized feedstock [9]. This porosity level of the as-

sprayed coating though less than the 8–10 % range for conventional APS Al2O3 

coating, it exceeds that of the conventional HVOF by only 2 % [73]. The origin of the 

discrepancy in the porosity level of the as-sprayed coating must be due to the many 

irregular splats in the makeup pf the coating.  

Post spray heat treatment of the coating caused the porosity of the coatings to drop 

by ~2% across the four samples. This must be due to the sintering observed in the 

heat-treated samples. Sintering is known to produce a bridging effect in addition to 

coalescence between adjacent splats that can initiate localized crack resistance [216]. 

The localized crack resistance phenomenon could be the reason for the increased 

fracture toughness observed for the heat–treated Al2O3 coatings. However, the 

fracture toughness results are inconclusive and will require further investigation. 

Where the post spray heat treatment caused the formation of refined crystallite size in 

addition to reduced porosity, it can contribute to improved microhardness of the heat-

treated coatings. The increased microhardness due to refined crystallite size can be 

explained by the Hall–Petch effect, which describes how the microhardness of non–

work hardened bulk material can increase with a reduction in grain size [217, 218]. 

The microhardness values of the coatings were nonetheless below those reported by 

Murray et al. [85] for Al2O3 coatings sprayed with the same UTP TopGun. However, in 

that case a α–Al2O3 feedstock was used and so a direct comparison cannot be made. 
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Coating microstructures built from rapidly quenched molten agglomerates of Al2O3 

particles typically consist of amorphous and/or cubic γ–Al2O3 [21, 62, 85, 88, 214]. 

This is because γ–Al2O3 is the most energetically favourable crystalline phase during 

solidification of Al2O3 melt [89].  γ–Al2O3 is energetically favourable as the formation 

of Al2O3 phases is governed by the Ostwald rule of successive formation [74, 219], 

which states that the least stable reaction product precipitates first [220]. γ–Al2O3 

precipitates before other phases of Al2O3 from the melt as the least stable phase of 

Al2O3 based on the Ostwald rule. Its formation from the melt is a positive entropy 

change reaction [221] and it is the closest phase to the highly disordered molten Al2O3. 

Amorphous Al2O3 can also be formed during solidification of Al2O3 melt instead of the 

γ–Al2O3 when long range order is lost [222].  

The favourable formation of γ–Al2O3 can be understood by considering the 

coordination of the Al2O3 phases. Rhombohedral α–Al2O3 has only octahedral 

coordination whereas cubic γ–Al2O3 has both octahedral and tetrahedral coordination 

[223]. This has been attributed to its higher entropy state compared to the α–Al2O3 

phase [221]. The phase formation in Al2O3 can be further understood by considering 

both the thermodynamics of the formation and the mechanism of the formation [224]. 

At temperature just above the melting point, ions have lower coordination number and 

for Al2O3 melt, the prevalence of oxygen with four times the coordination number of 

aluminium is most likely [225]. However, alpha Al2O3 requires two–third of its 

octahedral sites to be filled by Al3+ [223] but this often is not the case because of the 

rapid quenching in thermal spray. As such, the structures with tetrahedral coordination 

form more readily than structures with only octahedral coordination. This explains the 
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amorphous hump and 𝛾–Al2O3  [21, 42, 57] observed in the X–ray diffraction pattern 

of the as–sprayed coatings. 

Further effect of post spray heat treatment of the as–sprayed coatings was phase 

transformation [226]. Phase transformation from γ–Al2O3 to δ–Al2O3 was observed for 

the coatings after the heat treatment. δ–Al2O3 is a superstructure of γ–Al2O3 with tripled 

c–axis due to ordering of cationic vacancies on the octahedral site as governed by a 

screw tetrad parallel to the c–direction [227]. The observed phase transformation (γ–

Al2O3 to δ–Al2O3) can be attributed to stacking of the cubic crystals that resulted into 

the tetragonal structure as shown in Figure 4–17.  

 

Figure 4-17: a schematic diagram of transformation between cubic and tetragonal crystal 

lattices 
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The x–ray diffraction pattern of the heat–treated coatings showed peak broadening 

(see subsection 4.6.2). Peak broadening in x–ray diffraction is a measure of crystal 

imperfections and it can occur due to one or all of the following: dislocation density, 

stacking faults, twinning, micro–stress, grain boundaries, and chemical 

heterogeneities and reduced crystallite size [228, 229]. Due to the post–spray heat 

treatment of the coatings, the broadened peaks can be reliably attributed to crystallite 

size reduction, though there is a possible contribution from stacking faults, due to the 

process of piling of the cubic crystals of the γ–Al2O3 to form the tetragonal crystals of 

the δ–Al2O3 (see Figure 4–17). The transformations described so far are consistent 

with reported phase transitions in bulk Al2O3 [76] and post–spray heat treated Al2O3 

coatings [21].  

Sintering has been mentioned as one the accompanying effects of post spray heat 

treatment. The mechanisms promoting sintering during heat treatment include, but are 

not limited to, lattice diffusion via interstitials and lattice diffusion via vacancies. In this 

work, the latter is most applicable as the observed phase transformation appeared to 

be through vacancy ordering. δ–Al2O3, as a superstructure of γ–Al2O3, was formed 

from the ordering of the vacant octahedral sites on the γ–Al2O3 cubic crystal through 

stacking [227]. The grain growth stage of the sintering process could have facilitated 

the fusion of adjacent cubic crystals of γ–Al2O3 that then grew in size to attain the 

tetragonal crystal structure of the δ–Al2O3 [230]. As the grain growth then progresses, 

the interfacial energy balance is broken to allow pore elimination and coalescence 

[231]. Twinning may have resulted from this process which then contributed to the 

observed peak broadening.  
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4.6.2 Tribology and wear behaviour  

The wear of ceramic materials like other materials is either in the mild or severe wear 

regime. Polycrystalline Al2O3 subjected to dry sliding wear under ambient conditions 

at low normal loads between 10 and 20 N implemented at low speeds of 10–20 mm/s 

shows mild wear. The mild wear regime in ceramics presents with low wear rate, 

smooth surface and wear mechanisms dominated by plastic flow and tribochemical 

reactions. In contrast, severe wear shows high wear rate, rougher wear track and wear 

mechanism dominated by brittle fracture. The mild wear regime can be sustained even 

at higher speeds if the load is kept the same; an increase in the applied normal load 

at the same sliding speed will cause a change from mild to severe wear [82]. The wear 

test conditions implemented on the four wear Al2O3 samples suggests the coatings 

wear response should be within the mild wear regime. Two of the coatings, the as–

sprayed and the ht–600–6h coatings, show specific wear rate in the mild wear 

regime—the recorded specific wear rate from the dry sliding wear tests was of the 

order of ~ 10–8 mm3(Nm)–1 for each of the two coatings. Both coatings show adhesive 

wear that involves loss of material from the softer of the two contacting bodies; the 

proof of this lies in the creation of scar on the counter bodies worn against each of the 

coatings which in turn showed fine–grooved tracks. The grooves must have formed 

from the materials loss from the counter body which get welded onto the coating 

surfaces and the continuous movement between the surfaces caused ‘ploughing’ into 

the attached materials to create the grooves. The additional mild wear proof on the 

wear track of the ht–600–6h coating was the presence of tribofilm.  
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Notable wear mechanism for ceramics is brittle fracture; the fracture occurs when the 

applied mechanical stress exceeds the fracture strength at the asperity contacts to 

cause localized fracture and grain pull out, the grain boundary energy release rate, 

and the residual stress at the point of contact. There was no obvious case of grain 

pull–out artefact on the wear track of the as-sprayed coating and the ht–600–6h 

coating giving that the sample surface was polished down to 1 μm surface finish before 

the wear test; it may also be that the contact stresses were below the fracture strength 

at the grain boundaries to initiate cracking and pull out. The presented analysis 

suggested the as-sprayed coating and the ht–600–6h coating share similar wear 

mechanism as supported by the size of the scar left on the counter–body by both 

coatings, similar microstructures, microhardness, and indentation fracture toughness.  

 

Figure 4-18: Schematic for adhesive wear mechanism—(a) before shear (b) after shear 
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On a different note, despite the higher microhardness and indentation fracture 

toughness of the coatings heat treated at 750 °C (see sub-section 4.4), the integrity of 

the coatings appears to have been compromised. The surface of the coatings 

developed surface fragmentation; the fragmentation was the response of the coatings 

to the thermal stress induced in the coating/substrate combination giving that the 

coefficient of thermal expansion of the substrate about twice that of the coatings’ 

material. The specific wear rate range and the micrographs of the two coatings 

provides proofs of severe wear. Severe wear is facilitated by intergranular cracking 

[232] and in the case of the coatings at hand, there is additional defect of surface 

fragmentation due to the post spray heat treatment and as a result the coating suffered 

severe wear. A possible progression of the severe wear recorded in the ht–750–6h 

and the ht–750–48h coatings involves rapid stages of wear governed by three different 

mechanisms of adhesion, abrasive wear and delamination [83]. The adhesive wear 

mechanism of the first stage was due to a stronger interfacial strength at the contact 

point between the counter body the coating surface than the cohesive strength binding 

the grains of the coatings—see the schematic in Figure 4–18. In this case the shear 

plane moves downwards into the weaker material to cause part of it to be transferred 

onto the other body, was the case for each of the ht–750–6h and the ht–750–48h 

coatings.  The wear debris trapped in between the sliding bodies thereby cause a 3–

body abrasive wear resulting in further material removal [233]. This explains the poor 

wear performance observed in the ht–750–6h and the ht–750–48h coatings—

interestingly, it suggests the possibility of an optimum heat treatment temperature of 

600 °C in Al2O3 on stainless steel applications. 
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4.7 Summary 

A delta–theta Al2O3 suspension was deposited onto an AISI 304 stainless–steel 

substrate using SHVOF thermal spraying. The as–sprayed and post–sprayed heat–

treated coatings were studied for microstructure and phase evolution using SEM, TEM 

and XRD. The wear performance of the coatings was also investigated, and the 

following conclusions can be drawn: 

 The microstructure of the as–sprayed coating from a delta–theta Al2O3 

suspension is consistent showing fully molten splats with the characteristics of 

amorphous and γ–Al2O3. 

 A γ–Al2O3 (cubic) phase in the coating partially transformed to become δ–Al2O3 

(tetragonal) at a heat treatment temperature of 750 °C. The transformation likely 

occurred through vacancy ordering and crystallite size refinement. This resulted 

in peak broadening within the XRD profiles of the heat–treated coatings.  

 The microhardness and the fracture toughness of the as–sprayed coating and 

the coating heat treated at 600 °C were similar. The microhardness and the 

fracture toughness of the coatings heat treated at 750 °C increased by an 

approximate factor of two. This was attributed to grain refinement, pore 

consolidation and phase transformation from amorphous and cubic γ–Al2O3 to 

tetragonal delta Al2O3. 

 The wear rate of the as–sprayed coating was 5.53 x 10–9 mm3 (Nm)–1  and 2.94 

x 10–9 mm3(Nm)–1 for the coating heat treated at 600 °C, which seems to be an 

optimum heat treatment temperature for Al2O3 on stainless–steel substrates. In 

both cases, the integrity of the coating was retained as no surface defects 
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developed due to heat treatment. This enabled the wear of the coating to not 

progress beyond the mild regime. The coatings heat treated at 750 °C for both 

6 h and 48 h both failed abruptly by severe wear due to pre–cracked surfaces.



Tunji Adetayo Owoseni, MSc  Chapter Five 
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Residual stress and microstructure of suspension 
thermal sprayed ceramic coatings: Al2O3 and YSZ 

5.0 Introduction 

This chapter presents the results of residual stresses measured with hole–drilling 

technique and non–destructive techniques (NDT): X–ray and time–of–flight (TOF) 

neutron diffraction. Two SHVOF thermal sprayed ceramics coatings, Al2O3 and YSZ, 

are presented. Despite Al2O3 and YSZ being widely used and studied engineering 

ceramics, limited work has been reported on the through–thickness residual stress 

behaviour of SHVOF thermal sprayed Al2O3 and none on YSZ coatings. A detailed 

understanding of residual stress of these coatings will provide further insight into the 

performance evaluation of the coatings vis–à–vis the role of residual stress. The 

microstructure of the coatings was studied in detail in SEM and XRD to rationalize the 

residual stress behaviour in terms of microstructure. The work presented in this 

chapter was done to provide a means by which thermally sprayed coatings on large 

aerospace industry parts can be investigated for residual stress. That was why the 

established industry-based hole drilling technique was investigated alongside the 

neutron-based NDT that can be used to study large parts without comprising structural 

integrity of the parts. The intended measurements involves penetration capabilities of 

the techniques; hole drilling technique is not limited by depth of penetration; X-ray 

technique penetration depth is less than 10 μm while neutron can penetrate thick 

metals but will be absorbed by water and concrete (see Figure 5-1). The Al2O3 coating 

used for this residual stress study was the Al2O3 coating deposited from the CR1 Al2O3 

grade described as C–Al2O3 in Section 3.3; it will be called “Al2O3 coating” in this 

chapter. Similarly, the YSZ coating used for this residual stress study was the YSZ 
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coating deposited at 110 kW described as T1–YSZ in Section 3.3; it is here–in after 

referred to as “YSZ coating”. 

 

Figure 5-1: Schematic penetration depth for X-ray and neutron radiations 

5.1 Microstructure: feedstock and coatings 

5.1.1 Al2O3 powder and as–sprayed coating 

Figure 5–1 presents the scanning electron micrographs of the as–received Al2O3 

feedstock and the as–sprayed Al2O3 coating. The Al2O3 feedstock shown in Figure 5–

2 (a) presents particles of angular morphology with a size range of ~ 100–200 nm. The 

image of the particles as seen in Figure 5–2(a) shows that the particles in the 

suspension were smaller than the mean size (D50) of 1 µm provided by the supplier. 

The mean size of the particles provided by the supplier represents the size for 

agglomerates of the particles. The BSE cross sectional view of the as–sprayed Al2O3 

coating presented in Figure 5–2 (b) shows the coating thickness is ~ 200 ± 2 µm with 

horizontal cracks and voids at the inter–spray layers. The coating–substrate interface 
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shows good bonding without any defect or delamination. The surface roughness of the 

substrate, from the grit blasting offers interlocking sites for the impinging splats. The 

porosity of the Al2O3 coating obtained from its cross–sectional views by image analysis 

technique was 5.6 ± 1.0 %. 
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Figure 5-2: Al2O3  (a) Secondary electron high magnification SEM micrograph of the as–

received powder D50 = 1 µm (b) Back scattered electron low magnification SEM micrograph 

of the as–sprayed coating with inset showing pores, voids and inter layer crack 
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Figure 5-3: (a) Rietveld refinement of the as–received powder showing whole α–Al2O3 (b) 

Rietveld refinement of the as–sprayed coating showing gamma–Al2O3 and corundum 

quantification—Ritveld analysis was done by Dr Mingwen Bai 

The phase analysis and the phase quantifications of the powder and the coating are 

shown in Figure 5–3. The Rietveld refinement analysis of the raw data of the XRD 

scan of the CR1 Al2O3 powder is shown in Figure 5–3 (a). The analysis confirms the 

as–received CR1 Al2O3 powder is entirely corundum (α-Al2O3)—it has no metastable 

Al2O3 phase. The phase quantification of the powder shows small amount of 

aluminium; the aluminium signal could not have been a contamination in the powder 

itself, given the nature of the Bayer’s process through which Al2O3 is obtained. The 

aluminium signal came from the sample holder during the XRD scan experiment.  The 

corundum crystallites in the analysed powder are coarse with calculated size being 
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141± 4 nm.  The large crystallite size is consistent with the absence of broad peaks in 

the XRD profile of the powder. The phase analysis of the as–sprayed Al2O3 coating 

shown in Figure 5–3 (b) presents two amorphous humps at the ~ 40º and 60º 2θ 

positions and two crystalline phases of gamma–Al2O3 and corundum. The crystalline 

contents of the coating has ~ 19.94 % corundum with the balance being gamma–Al2O3 

which has a crystallite size of 48 ± 2 nm. 
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Figure 5-4: (a) Surface morphology showing as–sprayed Al2O3 coating with even surface 

covered by splats of varying sizes and geometry (b) Fractograph showing lamella cross 

section, lamella top surface, intra lamella void and inter layer crack in the as–sprayed Al2O3 

coating 
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The surface morphology and the fractured surface of the Al2O3 coating present 

different architecture as shown in Figure 5–4 (a) and (b). The surface of the coating 

shown in Figure 5–4 (a) is flat, covered by splats of varying geometry and size. 

Individual splat here is larger than the size of the individual particle in the feedstock; 

the splats are made up of one or more particle agglomerates. The fractured surface of 

the coating shown in Figure 5–4 (b) revealed different features of the coating lamellae. 

The morphologies of the lamellae are different than what has been described of 

SHVOF thermal sprayed Al2O3 coatings—the lamellae are larger and thicker [90]. 

5.1.2 YSZ powder and as–sprayed coating 

The SE micrograph of the powder dried out of the as–received YSZ suspension 

feedstock is shown in Figure 5–5 (a). The powder comprises discrete particles of 

angular morphology; the image of the particles shows no evidence of agglomeration. 

The size of the individual particles revealed in the image supports the 0.6 μm D50 mean 

size provided by the supplier of the YSZ suspension. The BSE cross–sectional view 

of the as–sprayed YSZ coating presented in Figure 5–5 (b) shows the coating 

thickness is ~ 120 ± 1 µm. The vertical cracks captured on the magnified section of 

the image has a measured length of 56 ± 4 µm. The coating– substrate interface shows 

good bonding; qualitative visual inspection of the image does not reveal any defect at 

the interface between the coating and the substrate. There are however visible dark 

features along the interface; these are substrate preparation artefacts. The porosity of 

the YSZ coating obtained from its cross–sectional views analysed using image 

processing technique gives 14.5 ± 1.0 %. 
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Figure 5-5: YSZ (a) Secondary electron high magnification SEM micrograph of the as–

received powder D50 = 1 µm (b) Back scattered electron low magnification SEM micrograph 

of the as–sprayed coating showing vertical cracks 
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Figure 5-6: (a) Rietveld refinement of as–received powder showing monoclinic and tetragonal 

quantification (b) Rietveld refinement of as–sprayed coating showing full tetragonal 

transformation—Rietveld analysis was done by Dr Mingwen Bai 

Figure 5–6 (a) shows the phase analysis of the powder dried out from the as–received 

suspension. The powder contains two phases of ZrO2—the metastable tetragonal 

(~75 %) and the balance is monoclinic phase.  The crystallite size of the individual 

phases in the powder are different; the tetragonal phase has a crystallite size of 14 ± 

0.3 nm while the monoclinic phase has 28 ± 5 nm. The crystallite sizes of each of the 

phases are small which may be a reason for the observed broad peaks in the analysed 
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profile amongst other reasons for which broad peaks could occur in an XRD profile. 

The Rietveld refinement analysis of the as–sprayed YSZ coating gave a good fit. The 

dual phase feedstock has converted to a single–phase coating without any detectable 

amorphous content. The entire profile shows distinct peaks of tetragonal ZrO2 (Figure 

5–6 (b)). However, the tetragonal crystallites have become coarse; the sizes as 

determined from the Rietveld refinement analysis came to 71±1 nm. The increased 

crystallite size matches the reduction in peak broadening observed in the profile of the 

coating as analysed.  
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Figure 5-7: (a) Surface morphology showing as–sprayed YSZ coating with uneven distribution 

of bumps built of fused particles. (b) Fractograph showing fused particles, vertical crack and 

inter layer crack in the as–sprayed YSZ coating 

The surface of the YSZ coating has bumps and these are unevenly distributed as 

shown in Figure 5–7 (a)—each one describes a planner view of “ant heap”. A 

magnified view reveals each bump as a lump of fused particles due to sintering. The 
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size of the individual particle in a lump is less than 1 µm. Individual particle in the lump 

has modified geometry from the angular shape presented in the as–received feedstock 

suggesting some degree of particle melting. The fusion of the particles produced 

lumps of varying geometry and sizes. The fractured surface of the YSZ coating shown 

in Figure 5–7 (b) shows the internal features of the coating. The coating build–up has 

fused particles rather than forming well molten splats. The size of the individual particle 

in the fused lump is less than 1 µm which agrees to the size ranges observed in the 

as–received feedstock. The morphology of the individual particle in the fused lump 

also shows reduced angularity when compared to those of the feedstock. The fusion 

of the particles was not however uniform; the lumps have voids. 

5.2 Microhardness and nanoindentation  

The micro and nanoindentation response of the coatings are presented together here 

to show the variation of the microhardness of the coatings across its thickness on the 

on the one hand and the nanohardness/elastic modulus on the other. The results will 

show that the microhardness and the nanoindentation values were obtained at varying 

depths within the coating—this is due to the peculiarity of the individual measurement 

procedure and features. A nano–indent will fit into the thickness of a lamellar as 

against a micro–indent that will overlap two or more lamellae. So, the locations of the 

micro indentation points were chosen to ensure the indents were well situated inside 

the coating. That was such that the top row precludes any edge effect close to the 

coating top surface and the bottom row near the coating–substrate interface, 

respectively.  



157 

 

5.2.1 As–sprayed Al2O3 coating 

Figures 5–8 shows the results of the nanoindentation on the cross section of the as–

sprayed Al2O3 coating. Figure 5–8 (a) gives the nanohardness of the Al2O3 coating. 

The nanohardness results on each row shows consistent nanohardness except for the 

third row at a depth of 90 µm from the coating top surface—this row has the lowest 

nanohardness of 9 ± 1 GPa. The reduced nanohardness at this depth shows there 

was increase in the projected area relative to the constant applied load. The elastic 

modulus of the Al2O3 coating is shown in Figure 5–8 (b). The values plotted in the 

Figure were obtained from Equation (3-26). The lowest stiffness of the coating shows 

at the depth of 90 µm; the average value at this depth is 171 ± 15 GPa. Again, the 

reduced stiffness at the 90 μm depth shows that the reduced modulus from which the 

elastic modulus was calculated was low. The decrease in the reduced modulus 

resulted from the increased projected area of the indentation point and the reduced 

rate of change of applied load to the penetration depth. Despite the reduction in the 

elastic modulus calculated at this depth, the average elastic modulus from the thirty 

indentations—200 ± 7 GPa—agrees with the reports of other researchers [21]. The 

microhardness of the as–sprayed Al2O3 coating measured on three rows is presented 

in Figure 5–9. Each of the bars in the Figure represents average of five indentations 

in a row with the associated standard error in mean. The lowest microhardness of the 

coating (7.4 ± 0.3 GPa) is measured at the depth of 15 µm from its top surface. This 

value is within the error range of the effective microhardness of the Al2O3 coating 

obtained as 8 ± 0.3 GPa. 
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Figure 5-8: Depth profile of the (a) Nanohardness of the as–sprayed Al2O3 coating (b) Elastic 

modulus of the as–sprayed Al2O3 coating—see Table 21 in Appendix E for the 95 % 

confidence level of the mean of the data set. 
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Figure 5-9: Depth profile of the Microhardness of the as–sprayed Al2O3 coating—see Table 

22 in Appendix E for the 95 % confidence level of the mean of the data set. 

5.2.2 As–sprayed YSZ coating 

The results of the nanoindentation performed on the cross section of the as–sprayed 

YSZ coating is presented in Figure 5–10. The average nanohardness of the YSZ 

coating is 11 ± 0.5 GPa; the variation of the nanohardness at different depths within 

the coating is shown in Figure 5–10 (a) with the associated standard error in mean. 

The measurement at the 60 µm depth from the top surface shows a standard error in 

mean of 2 GPa. However, the average nanohardness at this depth is equal to that at 

the 90 µm; both have the same average value of 10 GPa. This is the lowest 

nanohardness within the coating layer which shows there was increase in the 

projected area relative to the constant applied load. The average elastic modulus from 

the thirty indentations is 183 ± 7 GPa—this value agrees with the report of Rauch et 

al. [204]. The elastic modulus of the YSZ coating varied with increasing depth from the 

coating top surface as shown in Figure 5–10 (b). The values plotted in the Figure are 

obtained from Equation (3-26). The lowest stiffness of the coating was measured at 
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the depth of 60 µm from the top surface; the average value at this depth is 168 ± 24 

GPa. The microhardness of the as–sprayed YSZ coating measured on three rows is 

presented in Figure 5–11. The microhardness of the coating measured at the depth of 

40 µm from its top surface gave showed a standard error in mean of 0.4 GPa—the 

average microhardness at this depth ~ 8 GPa. This microhardness value is with the 

error range of the average microhardness of the YSZ coating (~ 8 ± 0.3 GPa ) as 

obtained from fifteen micro indents. 
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Figure 5-10: Depth profile of the (a) Nanohardness of the as–sprayed YSZ coating (b) Elastic 

modulus of the as–sprayed YSZ coating—see Table 23 in Appendix E for the 95 % confidence 

level of the mean of the data set. 
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Figure 5-11: Depth profile of the Microhardness of the as–sprayed YSZ coating—see Table 

24 in Appendix E for the 95 % confidence level of the mean of the data set. 

5.3 Diffraction residual stress 

5.3.1 Neutron diffraction residual stress in the Al2O3 coating 

The stresses are presented as longitudinal stress along the length of the samples and 

transverse stress along the width of the sample; they are taken as equivalent principal 

stresses in the coatings by imposing plane stress condition while assuming negligible 

shear stress contributions. The peaks used for the through thickness residual strain 

analysis of the Al2O3 coating as stated in sub–section 3.6.3.1 is shown in Figure 5–12. 

The Al2O3 coating again shows the presence of gamma–Al2O3 (Figure 5–12) in 

congruence with the XRD pattern of the coating and the specific peaks used in the 

residual strain calculation are identified as γ(440) and the γ(400) while the remaining 

peaks are from the substrate. These peaks have been reported by Ahmed et al. [96] 

where the residual strain of APS and HVOF deposited Al2O3 coatings were 

investigated. 
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Figure 5-12: Neutron diffraction pattern showing the gamma–Al2O3 peaks of the as–sprayed 

Al2O3 coating and the Fe(γ) peaks from the substrate. 

The precise positions of the Al2O3 peaks shown Figure 5–12 was obtained by single 

peak fit procedure using a range of thkl on the time–of–flight (TOF) (see Appendix A). 

For each of the through–depth position scanned in the Al2O3 coating, dhkl for the γ(440) 

and the γ(400) peaks were obtained from Bank 1 and Bank 2 detectors alike. 

Longitudinal strains were calculated from the data obtained from Bank 1 while the 

transverse strains were calculated from the data obtained from Bank 2. For each 

scanned through–depth position in the coating, longitudinal strain and transverse 

strain were calculated based on the dhkl obtained for each of γ(440) and the γ(400) 

peak; the average of the two strains were then calculated for every position through 

the depth of the coating. For the peaks associated with the substrate shown as Fe(γ), 

the dhkl was obtained by full TOF spectrum analysis to capture every peak that has 

minimal overlap with an adjoining peak; this was done with data from both the Bank 1 

and the Bank 2 detectors to obtain the longitudinal strains and the transverse strains 

respectively for every position through the depth of the substrate. 
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Figure 5-13: Neutron diffraction through depth residual stress profile the as–sprayed Al2O3 

coating (a) longitudinal stress (b) transverse stress 

The stresses calculated using Equation 3-32 for each of the scanned positions through 

the depth of the coating–substrate composite was based on the strain analysis 

presented above. The plot of the calculated stresses against increasing depths from 

the coating top surface is shown in Figure 5–13—the longitudinal stress profile is 

presented in Figure 5–13 (a) while the transverse stress profile is shown Figure 5–13 

(b). The stress profiles show the Al2O3 coating to be in compression at the 100 µm 

depth in both the longitudinal and the transverse directions. The stress states at the  
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150 µm depth were in alternate directions with the longitudinal stress in tension while 

the transverse stress remains compressive. The stress profile in the substrate for both 

the longitudinal and the transverse direction agrees. In each case, the substrate tends 

to be stress free as depth increases away from the interface—at a depth of 1.4 mm 

the stress comes to – 68 MPa (longitudinal) and –24 MPa (transverse).  

5.3.2 Neutron diffraction residual stress in the YSZ coating 

The peaks used for the through thickness residual strain analysis of the YSZ coating 

as stated in Sub–section 3.6.3.1 is shown in Figure 5–14. The tetragonal phase shows 

as the only phase in the pattern of the YSZ coating; the remaining peaks are from the 

substrate. The strong Fe (𝛼) peaks shown in the pattern could have been from the 

incident neutron beam scanning the coating and substrate simultaneously despite the 

cadmium slit inserted along the incident path to minimize divergence and ensure a 

concise gauge volume [195].  

 

Figure 5-14: Neutron diffraction pattern showing the tetragonal peaks of the as–sprayed YSZ 

coating and the Fe(γ) peaks from the substrate 
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Like the analysis of the strain in the Al2O3 coating, the precise positions of the YSZ 

peaks shown Figure 5–14 were obtained by single peak fit procedure using a range of 

thkl on the time–of–flight (TOF) (see Appendix A). The peaks selected for the 

calculations of the strain were those with minimal overlap with the crest of adjoining 

peaks. Each of the peaks selected for the strain calculation at the scanned positions 

within the coating and the substrate were such as detected in both the reference 

sample and the main samples. The (t–200) peak reflection at the 1.8 Å was detected 

in the reference YSZ sample but undetected in the scanned data for the YSZ coating 

layer in the YSZ coating–substrate composite sample. As such, this peak was not used 

in the calculation of the strain associated with the YSZ samples. Longitudinal strains 

were calculated from the data obtained from the Bank 1 detector while the transverse 

strains were calculated from the data obtained from Bank 2 detector. 
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Figure 5-15: Neutron diffraction through depth residual stress profile the as–sprayed YSZ 

coating (a) longitudinal stress (b) transverse stress 

The plot of the calculated stresses against depths for the scanned positions in the YSZ 

coating and the adjoining substrate is shown in Figure 5–15. The stresses were 

calculated using Equation 3-33 based on the strain analysis presented earlier. The 

longitudinal stress profile is shown in Figure 5–15 (a); the coating has tensile 

longitudinal stress near its surface (40 µm depth) before changing to compression –

48 MPa at the 80 µm depth. Figure 5–15 (b) shows the transverse stress profile with 

the first two points in compression with the same order of magnitude (–358 MPa at 40 



168 

 

µm and –398 MPa at the 80 µm depth). The substrate was tensile in both the 

longitudinal and the transverse directions; however, the stress reduces towards the 

center of the substrate. 

5.3.3 X–ray diffraction residual stress in the Al2O3 and the YSZ coatings 

The residual stress of the as–sprayed coatings was measured through the XRD scan 

of a high diffraction angle planar reflection, at eight different tilt angles (ψ). The 

stresses were calculated based on Equation 3-29 described in subsection 3.6.3.1; the 

equation linked the interplanar spacing (dΦψ), the tilt angle and the diffraction elastic 

constant of a material. The diffraction elastic constant has been replaced with the 

elastic modulus obtained from the nanoindentation measurements. Tensile stresses 

were obtained from increasing interplanar spacing (dΦψ) as the tilt angle increases as 

against compressive stresses obtained from decreasing dΦψ as the tilt angle increases.  

 

Figure 5-16: XRD d–spacing against sin2ψ Plot for the near surface residual stress in the as–

sprayed Al2O3 coating 
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The residual stress of the as–sprayed Al2O3 coating was measured through the XRD 

scan of the (844) gamma–Al2O3 peak, a high diffraction angle planar reflection, at eight 

different tilt angles (ψ). Figure 5–16 shows the plot of dΦΨ against sin2Ψ for the Al2O3 

coatings. The results show the near surface of the Al2O3 coating is in a compressive 

stress state with a magnitude of –8.3 ± 0.2 MPa (σ0°) in the longitudinal direction giving 

that the interplanar spacing decreased as the tilt angles increased. The stress in the 

transverse direction was tensile with a magnitude of 25.3 ± 0.8 MPa (σ90°) given that 

the interplanar spacing was increasing with increasing tilt angle. 

  

Figure 5-17: XRD d–spacing against sin2ψ Plot for the near surface residual stress in the as–

sprayed YSZ coating 

Similarly, the residual stress of the as–sprayed YSZ coating was measured through 

the XRD scan of the (400) tetragonal peak, a high diffraction angle planar reflection, 

at eight different tilt angles (ψ). The dΦΨ obtained in the measurements was plotted 

against sin2Ψ for the YSZ coatings as shown in Figure 5–17. Positive slope linear graph 

was obtained in both the longitudinal and the transverse directions; this indicates 
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tensile residual stress state in the two directions. The magnitude of the stresses in the 

longitudinal and the transverse direction were 74.3 MPa (σ0°) and 57.3 MPa (σ90°) 

respectively. 

5.4 Incremental hole–drilling residual stress 

The residual stress from the hole–drilling measurement is presented in this section. 

The directional stress (longitudinal or transverse) and the calculated principal stresses 

for the individual coatings are presented separately. Directional stress on a body act 

through an axis perpendicular to the plane through a point in the body; this directional 

stress is thus called normal stress. Its counterpart, the shear stress acts parallel to the 

plane through the point of action of the normal stress. The normal stress reaches a 

maximum or a minimum value when the plane through its point of action is rotated by 

an angle θ such that the shear stress goes to zero. The plane in its new orientation is 

called the principal plane while the stress acting through an axis perpendicular to the 

principal plane is termed the principal stress. There are two principal stresses under a 

plane stress condition: the maximum principal stress and the minimum principal stress. 

The algebraically larger of the two principal stresses is the maximum while the smaller 

of the two is taken as the minimum principal stress [198] . The maximum and the 

minimum principal stresses presented for each of the coatings were calculated based 

on Equations (3.37) and (3.38) presented in sub–section 3.6.3.2. 

5.4.1 Residual stress profile in the Al2O3 coatings 

The residual stress profile of the Al2O3 sample from the hole–drilling is shown in Figure 

5–18. Figure 5–18 (a) shows the longitudinal and transverse stresses were 

compressive near the coating  surface. The stresses changed to tensile with 
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increasing depth; the longitudinal stress reached 12 MPa and 219 MPa while the 

transverse stress reached 81 MPa and 321 MPa at the 112 µm and 160 µm depths 

respectively. The stresses in the substrate changed from tensile to compressive as 

depth increased. At the depth of 224 µm, the longitudinal stress was 60 MPa; it 

reached –113 MPa at the 1.02 mm depth. Similarly, the transverse stress was 139 

MPa at the depth of 224 µm and has reached –138 MPa at the 1.02 mm depth.  

 

Figure 5-18: Incremental hole–drilling (a) longitudinal and transverse residual stresses in the 

as–sprayed Al2O3 coating (b) principal residual stresses in the as–sprayed Al2O3 coating 
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The principal stresses for the Al2O3 sample obtained from Equations (3.30) and (3.31) 

shows the same trend as the longitudinal and the transverse stresses (Figure 5–18 

(b)). The principal stresses in the coating at the 112 µm and 160 µm depths provides 

useful information comparable to the information obtained from the neutron data at 

depths 100 µm and 150 µm. The maximum and minimum stresses at the 112 µm depth 

are 105 MPa and –11 MPa respectively. At the 160 µm depth, the maximum and 

minimum stresses are both tensile with the values of 367 MPa and 172 MPa 

respectively. The maximum and minimum stresses at the midpoint of the substrate 

(1.02 mm) seem equal to the longitudinal and the transverse stress indicating the 

shear stress contribution at this depth is negligible. 

5.4.2 Residual stress profile in the YSZ coatings 

The residual stress profile of the YSZ sample from the hole–drilling is shown in Figure 

5–19. The longitudinal and transverse stresses shown in Figure 5–19 (a) show the 

same trend. The YSZ coating has near surface (16 µm depth) compressive transverse 

and longitudinal stresses before the nature of the stresses start to change in both 

directions. The longitudinal stresses rise from 17 MPa at the 48 µm depth up to 389 

MPa at the 112 µm depth while the transverse stress transit from –20 MPa at the 48 

µm depth to 312 MPa at the 112 µm depth. Stress in the substrate, however, eases 

out as the depth increased—the longitudinal stress dropped to 13 MPa while the 

transverse stress reached – 29 MPa at the 1.02 mm depth.  
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Figure 5-19: Incremental hole–drilling (a) longitudinal and transverse residual stresses in the 

as–sprayed YSZ coating (b) principal residual stresses in the as–sprayed YSZ coating 

The principal stresses in the YSZ sample (Figure 5–19 (b)) shows a different trend to 

the directional stresses—this must have resulted from the increased shear stress 

recorded for the YSZ coating. The initial points of the minimum principal stress were 

compressive –192 MPa at the 16 µm depth and –148 MPa at the 48 µm depth; it 

became tensile 21 MPa at 80 µm depth and 224 MPa at the 112 µm depth. The stress 

value at the 80 µm depth represents the coating stress state half–way its depth from 

the top while the stress value at the 112 µm depth gives the coating stress state near 

the coating–substrate interface. The maximum principal stress was entirely tensile; it 
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has a stress state of 133 MPa at the 16 µm depth near the coating surface, 343 MPa 

at the 80 µm depth and 477 MPa at the 112 µm depth near the coating–substrate 

interface. The maximum and minimum stresses at the midpoint of the substrate (1.02 

mm) are 14 MPa and –30 MPa—this has not changed significantly from the 

longitudinal stress 13 MPa and the transverse stress –29 MPa. This suggests the 

shear stress contribution at this depth is negligible. However, in all the cases 

presented in the coating, where the stresses maintained the same trends as in the 

directional stresses; the magnitudes were mostly different. This indicates significant 

shear stress contribution—a marked difference between the YSZ sample and the 

Al2O3 sample with negligible shear stress contribution 

5.5 Discussion 

5.5.1 Microstructure and coating formation 

The microstructure of the two coatings reflects the different thermal properties of the 

feedstock from which they were sprayed. The processing parameters caused the 

Al2O3 particles to melt producing coatings with lamellae unlike the softened and 

sintered YSZ particles that produced coatings with fused particles. The thermal 

properties of the two materials, their enthalpy of fusion, could also be significant to the 

microstructure obtained in the two coatings [35]. The enthalpy of fusion represents the 

thermal energy needed to liquefy a solid mass—its magnitude depends on the mass 

of the substance. The instantaneous thermal energy of the flame varies from the 

combustion chamber downstream up to the substrate given the temperature gradient 

established for SHVOF thermal spray process [234]. The hypersonic speed of the 

combusted gases carrying the particles and the short spray distance (85 mm) suggest 

the particles have short in–flight time. This further suggests the mass/size of the 
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particles plays significant role in the resulting microstructure of a coating. It is expected 

that small size particles would attain sufficient heating because they will have low 

enthalpy of fusion in kJ. If the particles/agglomerate in the sprayed suspensions are 

considered spherical, the mass of an agglomerate/particle can be estimated by 

relating the volume of the spherical agglomerate to the material density of either of 

Al2O3 and YSZ. So, in this case, an Al2O3 agglomerate with a mean diameter of D50 = 

1 µm is five order of magnitude smaller in mass than a discrete YSZ particle, even 

though the mean diameter of the YSZ discrete particles is D50 = 0.6 µm. This is so 

because the mass density of zirconia is ~ 6 times the mass density of water (1000 

kg/m3) compared to the mass density of Al2O3 which is ~ 4 times the mass density of 

water. If the mass argument is considered, the Al2O3 particles would have lower 

enthalpy of fusion and should melt. The Al2O3 particles melt to produce dense 

individual lamellae even though the in–flight time of a particle during SHVOF spray is 

in µs. This is supported by the absence of intra–lamella cracking as shown through 

the fractograph of the coating. However, the YSZ particles should also melt giving the 

magnitude of the mass of the particles in addition to the enthalpy of fusion of YSZ 

(700–820 kJ/kg) being lower than the enthalpy of fusion of Al2O3 (620–1360 kJ/kg). 

The observed microstructure of the YSZ coating showed the YSZ particles did not 

melt; they reached the substrate as fused solids. This may be due to the low thermal 

conductivity of the YSZ material (1.7–2.7 W/m.K); YSZ conducts about ten times less 

thermal energy per each degree temperature gradient when compared to Al2O3 with a 

thermal conductivity range of 12–38 W/m.K. It therefore seems the resident time of the 

YSZ particles in the combustion chamber, where it should acquire the largest 

instantaneous thermal energy is inadequate. It may be necessary to further study the 

deposition of the YSZ particles using different combustion chamber lengths longer 
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than the 22 mm type used in the deposition of the current YSZ coating. This might help 

to address the question of whether the deposition parameters used for the current YSZ 

coating is sufficient to guarantee the melting of the YSZ particles.  

The suspension medium besides processing parameters and material properties 

determines the physical interaction between the flame and the particles (and molten 

droplets) in a SHVOF thermal spray process. Aqueous carrier cools the flame as it 

consumes the thermal energy of the flame due to its high specific enthalpy of 

vaporization (2.26 MJ/kg) while organic solvents (like ethanol) enhances the energy 

of the flame with its heat of combustion [57]. Where the evaporation of water or the 

burning of the ethanol occurs in the combustion chamber, it creates higher chamber 

pressure that increases combustion gas velocity—this often translates to high particle 

velocity that yields dense coatings [235, 236]. The velocity could reach between 2000–

2500 m/s [236] in the case of aqueous base suspension injected into the combustion 

chamber whereas the velocity reaches 1000–1500 m/s when the suspension is 

ethanol based [237]. The spray condition used for the Al2O3 coating has been shown 

by Chadha et al. [236] to match the case of the aqueous base suspension. In spite of 

the cooling of the combusted gas by the aqueous carrier of the Al2O3 particles, most 

of the particles melt to form droplets due to the size of the individual particles in the 

agglomerates [9] and the flame temperature being higher than 2100 °C [236]. The 

droplets were propelled by the high velocity combustion gas onto the substrates to 

form well adhered splats that built into densely packed individual lamellae shown on 

the fractograph of the Al2O3 coating. The thickness of the lamellae varies up to 10 

µm—the lamellae size range shows these are created from molten agglomerates of 

the Al2O3 particles. The large size of the lamellae is possibly due to coalescence of 
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droplets. The top surface of the lamella appears smooth while the cross section of the 

lamellae shows non–uniform fine intra–lamella voids. The origin of the defects shown 

through the coating fractograph and its cross–section can be linked to the buildup of 

the lamellae. The initial droplets adhere to the substrate due to the improved surface 

roughness of the substrate achieved from the grit blasting process. It is possible that 

the surface roughness between successive lamellae layers failed to provide similar 

interlocking sites as on the grit blasted substrate; this creates weak bonding between 

the lamellae which resulted in interlayer cracks observed in the coating. The dense 

microstructure of the YSZ coating suggest the fused particles that make up the coating 

were also carried by high velocity combustion gas—the evaporation of the feedstock 

carrier must have occurred in the flame. The vertical crack and the interlayer crack in 

the YSZ coating could have resulted from adjoining inter–particle voids.  

The fluid dynamic properties of the suspension medium and its surrounding 

combustion gas also affect the coating formation from an atomization point of view 

[235]. These dynamic properties are combined in dimensionless numbers—Weber 

number (We) and the Reynolds number (Re). Essentially, Re number is the ratio of 

the fluid inertia (ρ*u*d) to viscosity (µ)—ρ is the fluid density, u is the relative velocity 

of particles to the surrounding fluid and d is the particle diameter. We number on the 

other hand gives the ratio of the fluid inertia to the surface tension (𝜎) which describes 

the resistance of suspension drops to increased surface area accompanying 

atomization process [238]. Primary atomization occurs near the injector exit, and the 

secondary atomization (aerodynamic breakup) occurs downstream into the 

combustion chamber or the expansion barrel—in the case of axial injection [235]. The 
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suspension injection process can be classified as a dense spray process—it has large 

number of droplets accompanied by disintegration and droplets interactions [239].  

Secondary atomization is the rate controlling process in dense spray because the 

primary breakup is unstable [240]. We number is mostly considered for the secondary 

atomization study; its increase changes the breakup regime in succession from bag to 

catastrophic break up [50]. More so, it can be inferred from the work of Dai and Faeth 

[240] that the Re number in the combustion chamber of SHVOF thermal spray gun 

offers a flow regime where the drag properties of the suspension droplets is unaffected 

by the viscosity of the combustion gas. The size of the lamellae in the fractograph and 

the size of the splats from the surface morphology images of the Al2O3 coating 

suggests they were formed from bigger suspension droplets obtainable at the bag 

breakup level of the secondary atomization—this suggests the We number of the 

suspension droplets are in the range of 12–50 [50]. On the other hand, the YSZ coating 

being built from sintered particles—each one identifiable—could have formed from 

suspension droplets produced at the shear breakup level of the secondary 

atomization. At this stage, the We number ranges between 100 and 350—its major 

features include continuous shearing and entraining that produces fine droplets. The 

fine droplets were too small to be carried on at the center of the gas so the particles 

they released did not get sufficient heating to melt—they got softened. The soften 

particles collide and fuse together in flight or as they impact the substrate to produce 

the sintered particles in the YSZ coating as shown by its surface morphology and the 

fractograph. 
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5.5.2 Phase evolution in the coatings   

The impact of the thermal treatment on both Al2O3 and YSZ particles caused different 

type of structural response. Most of the Al2O3 particles melted to form amorphous 

Al2O3 and γ–Al2O3 although some α–Al2O3 were detected in the as–sprayed coating 

as shown by the XRD results—these are from the unmolten feedstock. The retention 

of the α–Al2O3 could have been due to entrapment during molten droplet formation 

inflight or the α–Al2O3 particles arrived at the substrate surface and get buried in the 

large lamellae that forms the coating. The particles were, however, undetected in the 

fractograph due to their nanometric sizes. In another vein, peak broadening in x–ray 

diffraction profile reflects crystal imperfections; it occurs due to any or combination of 

reduced crystallite size, increased dislocation density, stacking faults, twinning, micro 

stress, grain boundaries, and chemical heterogeneities [229]. The crystallite size of 

the Al2O3 powder which is corundum presents as coarse crystallites (141 ± 4 nm). 

However, after deposition the crystalline contents of the coating that has transformed 

to gamma–Al2O3 presents refined crystallite size of 48 ± 2 nm; this seems to cause 

peak broadening on the high 2θ angle peaks between 100 and 130°.The mechanism 

of the phase formation in SHVOF thermal sprayed Al2O3 has been presented in 

Subsection 4.8.1 of this thesis. The broad peaks in the YSZ XRD profile on the other 

hand could appear due to one or combination of reduced crystallite size, stacking 

faults and dislocation density. Bailey and Rotherham [241] reported both the 

monoclinic and the tetragonal phases contains dislocation defects in addition to the 

stacking faults found in the (010) plane of the monoclinic phase. This appears to 

explain the origin of the broad peaks seen in the  powder which contains two zirconia 

phases—monoclinic and tetragonal—with the crystallite sizes of each one being 28 ± 
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5 nm and 14 ± 0.3 nm respectively. The YSZ particles in the coating were sintered and 

predominantly unmolten after deposition yet the monoclinic phase in the feedstock 

transformed completely to produce all tetragonal phase in the as–sprayed coating. It 

is unlikely that the particles melted and recrystallized for the realization of the 

monoclinic to tetragonal transformation [242]. Monoclinic is the last phase in the 

transformation of ZrO2 when it is cooled from melting point to room temperature. The 

monoclinic to tetragonal phase transition is a reversed transformation that occurs 

when the cooled monoclinic phase is heated above 1000 °C [243]. The mechanism of 

the monoclinic to tetragonal transformation observed in the YSZ coating is unclear and 

may require further work. Nonetheless, the transformation in YSZ is athermal—it 

occurs over a range of temperature rather than at a specific temperature [244].  

Increase in temperature causes structural imbalance in the monoclinic lattice and 

gradual cooling interrupted with short dwelling time prevents proper reordering to 

monoclinic. Even so suspension droplets experience temperature gradient from the 

combustion chamber, downstream up to the substrate [234], the abrupt quenching at 

the substrate surface does not guarantee a full lattice reordering required for the 

disarranged monoclinic structure—hence the formation of the tetragonal phase.  

The observed phase transformation in the YSZ coating has further effect on the lattice 

structure of the material. Tetragonal–monoclinic transformation causes ~7 % 

volumetric expansion in the lattice structure with an accompanying transformation 

shear of 0.18 and intergranular cracks—the intergranular crack is not found in the 

reverse transformation [241]. However, in the present coating a reverse transformation 

has been observed—monoclinic to tetragonal, which suggests a corresponding ~7 % 

volumetric contraction in the lattice structure. Bailey and Rotherham [241] described 
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monoclinic–tetragonal transformation in thin–film samples as martensitic shear 

transformation. The transformation is rapid which precludes coexistence of the 

monoclinic and the tetragonal phases in addition to distinct crystal orientations and 

morphological changes on the grains. 

5.5.3 Indentation properties of the coatings 

The observed microstructure of the two coatings also impacts on their measured 

properties. The nanohardness measured in the Al2O3 coating represents the hardness 

of individual lamella—the indents were small enough to fit within a lamella. The 

nanohardness has higher value compared to the microhardness which is lower by ~ 5 

GPa; this can be attributed to the high density of each lamella as seen on the 

fractograph. The micro indents cover multiple lamellae and inter–lamellae defects 

(voids, micro cracks)—the defects reduce the measured microhardness [19, 66]. More 

so, the presence of defects like micro cracks (vertical and horizontal) and interparticle 

voids will interfere with the measured microhardness of the coating—the large micro 

indents will encompass defects and sintered particles. In addition, particle size 

refinement can increase the hardness of a non–work hardened material by grain 

boundary strengthening due to Hall–Petch effect [218]. Sintered materials also 

become hardened through the reduction of defects [13]—this might account for the 

high nanohardness of the YSZ coating  

Typically, coating is built–up from lamellae while the lamellae consist of overlaid splats 

formed from droplets [18]. Dense lamellae are formed from splats with high intersplat 

contact area [66]. Turunen et al. [66] has demonstrated that the indentation modulus 

of thermally sprayed coatings correlates with its density. The average indentation 

modulus of the two coatings reflects the nature of their building blocks—lamellae in 
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the case of the Al2O3 coating and sintered particles in the YSZ coating. The Al2O3 

coating has a high indentation modulus of 200 ± 7 GPa indicative of its dense building 

block—the lamellae while the YSZ coating has 183 ± 7 GPa due to the inter particle 

porosity that dominates its entire microstructure. 

5.5.4 Residual stress distribution 

The residual stresses from three measurement techniques have been presented to 

provide complimentary insight into the residual stress behaviour of coatings with 

different microstructural make–up. Albeit the results of the individual techniques may 

not be compared directly, the sources of the disparity can be due to underlying 

assumptions of each technique, the material properties of each coating and the 

microstructure of the individual coating. Diffraction techniques have the unique 

capability to measure residual stress due to crystalline phase transformation when 

compared to the hole–drilling technique. The magnitudes and/or the nature of the 

residual stress obtained from diffraction–based analysis depends the crystallographic 

planes considered in the strain analysis [95]. In the diffraction technique strain analysis 

only considered the dominant crystalline phase in the coating to calculate strain in the 

coating—it precludes contribution from the amorphous phase and crystalline phases 

that may be present in trace amount. This can be improved upon to ensure that we 

are able to estimate the contribution of all planes in phase(s) contained in a coating 

even though there has not been any diffraction technique to estimate the contribution 

of the amorphous phase in a coating. X–ray diffraction can provide an approximate 

surface stress needed to understand the immediate response of the coating to its 

functional environment, while the neutron diffraction technique can only provide stress 

information at further depths below the coating surface. Single peak fitting approach 
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was implemented in both the X–ray diffraction strain analysis and the neutron 

diffraction strain analysis presented in this thesis. The results of the residual stress 

obtained from diffraction analysis can be deemed complementary.  

Incremental hole–drilling technique on the other hand estimated relaxed strain through 

the entire coating—amorphous and crystalline. The hole–drilling technique provides 

the combined contribution of all the constituents of a coating irrespective of its 

microstructural make up [200]. The hole–drilling technique provides stress information 

at further depths below a coating surface through its thickness; it assumes 

homogeneity of the sample for each point of measurement. However, thermal spray 

coatings are often built from lamellae and could have property variations across its 

thickness as it has been shown for the two coatings studied in this case.  

 

Table 5-1: Results of the X–ray residual stress compared to the weighted average of the hole–

drilling and the neutron diffraction residual stress 

Samples 

X–ray Neutron 
diffraction 

Hole–drilling 

σ0° 

(MPa) 
σ90° 
(MPa) 

σ1 
(MPa) 

σ3 
(MPa) 

σ1 
(MPa) 

σ3 
(MPa) 

Al2O3 
Coating – 8.3 25.3 – 351 – 120 – 162 – 104 

Substrate na na 70 88 – 10 9 

YSZ 
Coating 74.3 57.3 – 205 – 250 149 102 

Substrate na na 462 529 40 7 
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The differences in the calculated stresses of the individual coatings can be narrowed 

down through a closer inspection by estimating the average of each of the stress 

obtained from both the hole–drilling and the neutron diffraction. Bolelli et al. [21] has 

used this approach to present stresses measured by X–ray diffraction and the hole–

drilling technique. Table 5–1 shows the X–ray diffraction stresses and the average of 

the stresses measured from neutron diffraction and hole–drilling.  The overall stresses 

presented in Table 5–1 have contributions from the four types of stresses identified in 

thermal spray coatings. These stresses are attributed to two sources: the coating 

deposition process and the property mismatch between the coating and the substrate. 

The deposition process is the source of the quenching (tensile), the peening 

(compressive), and the phase transformation stress (tensile/compressive) while the 

thermal stresses (tensile/compressive) results from the coefficient of thermal 

expansion (CTE) mismatch between the coating and the substrate. The nature of the 

stresses found in a coating, whether compressive or tensile, would suggest if any of 

the sources and/or types of the stresses can be considered dominant [245]. 

5.5.4.1 Residual stress response of the Al2O3 coating 

The peening stress contribution to the overall stress in the Al2O3 coating is significant 

given the continuous impact of overlaid splats at hypersonic speeds which leaves the 

overall coating in compression. The collision of splats in this case can be considered 

inelastic where most of the kinetic energy of the arriving splats is transferred to the 

underlying splats—both the top and bottom splats spread out stuck together in a 

composite pile compressed. This is further justified by the average stresses from the 

three techniques (as in Table 5–1) being mostly compressive characteristic of peening 

effect. There could also be some compressive stress contribution from the phase 
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transformation stress based on the microstructure of the coating described in sub–

section 3.1 above. Considering the coating as a composite mix of amorphous Al2O3 

matrix reinforced with crystalline Al2O3 (gamma and alpha), the amorphous Al2O3 in 

the coating will compress the sparsely distributed crystalline phases which makes ~ 

20 % of the entire mix. This is so in that amorphized material exerts compressive 

stresses on its surrounding due to its increased disorderliness and volumetric 

expansion [246]. 

The neutron diffraction strain analysis for the Al2O3 coating gives more detailed 

analysis based on two planes, (440) and (400), while the X–ray diffraction analysis 

gave the strain analysis based on the (844) plane. The residual stress calculated 

based on the strain analysis of planes (440) and (400) are compressive in the two 

directions; there is difference in the nature of the residual stress based on the (844) 

plane in the σ0° (longitudinal) and σ90° (transverse) directions (see Table 5–1). The 

absolute difference in the magnitude of the residual stress between the transverse and 

the longitudinal directions of the (844) plane is 33 MPa. It is not entirely clear why the 

difference exists, but it could be down to the crystallographic orientation of this specific 

plane in the two directions. It is worth mentioning that the residual stress variation 

identified in the (844) plane is unrelated to the shape or the dimensions of the sample. 

As evidenced from Figure 5–18, the differences between residual stress in the 

longitudinal and transverse directions—measured through the hole drilling 

technique—are well within the error range of the measurements. This concludes that 

similar stress profile exists in both the longitudinal and the transverse directions of the 

Al2O3 coating; however, the directional tensile stress shown in the X–ray result might 

be manifestation of the thermal and quenching stresses in the coating.  
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The quenching stress (tensile) contribution to the residual stress in the Al2O3 coating 

can be deemed reduced giving the poor inter lamellae bonding identified through the 

fracture surface, micro cracks between adjacent lamellae and inter layer passes—

interlayer defects help in stress redistribution. More so, because the Al2O3 coating is 

built from large overlaid lamellae (> 10 μm, see Figure 5–4(b)) with good intra–lamellae 

bonding; each lamella then acts as distinct entities such that when the whole lamellae 

experience cooling and shrinkage, the tensile stress generated is released through the 

inter–lamellae micro cracks. This phenomenon has been reported for Al2O3 coating 

with similar large lamellae make up [21].  

Table 5-2: Material properties 

Property 
Materials 

Al2O3 YSZ AISI 304 

Elastic modulus–E 
(GPa) 

200 ± 7 183 ± 7 
190 – 203 

[247] 

Poisson’s ratio 
0.21 – 0.33 

[248] 
0.22 – 0.32 

[249] 
0.26 – 0.27 

[247] 

Coefficient of  

thermal expansion–α 
(/K) 

4.5 – 10.9 
[248] 

2.3 – 12.2 
[249] 

16 – 18 [247] 

Thickness–t (μm) 200 ± 2 120 ± 1 2000 

 

In addition, the contribution of the thermal stress resulting from the cooling of the 

combine coating–substrate composites can be deemed to be tensile [93]. This can be 

demonstrated given that the average of the substrate–coating CTE ratio was ~ 2.2 

based on Equation 5-1 [95] and the material properties shown in Table 5–2.  
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σ =
∆ ∗(   )

  

∗
  

  

∗

 ----------------------------------------- Equation 5.1 

Where σ, t, α, ν, ΔT and E are the thermal stress (MPa), sample thickness (μm), CTE 

(/K), Poisson’s ratio, change in temperature (K) and the elastic modulus (GPa) 

respectively—the subscript s means substrate while c means coating. While the 

presence of the thermal stress and the quenching stress can be established , their 

respective contributions to the residual stress in the Al2O3 coating are reduced 

considering that the overall stress remains compressive. This suggests that of the two 

sources of stresses in thermal spray coatings, the deposition process is dominant for 

the Al2O3 coating. Similarly, of the four types of stress identified in the Al2O3 coating, 

the peening stress can be considered the dominant through the depths of the coating 

given that the deposition process was HVOF based. 

5.5.4.2 Residual stress response of the YSZ coating 

The overall stress state of the YSZ coating presented in Table 5–1 shows mix modes 

in the nature of the stresses; where the nature agrees, the magnitude varies. It has 

been mentioned that the stresses obtained by diffraction techniques are dependent on 

the crystallographic planes considered. Recall that the YSZ coating has just the 

tetragonal phase after deposition; so, the planes considered for the stress/strain 

analysis are from the tetragonal phase. The neutron diffraction technique showed that 

the stress contribution based on the (103) plane is compressive as against the tensile 

contribution from the (400) plane based on the X–ray diffraction technique. These 

results can be taken as the phase transformation stress contribution to the stress state 

of the coating. It has been mentioned earlier that the phase transformation stress could 

be either tensile or compressive; the results presented here showed that what 
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determines whether it will be tensile or compressive can be down to the 

crystallographic orientation of the planes considered. Differently, the hole drilling 

technique provided the overall contribution of the constituents of the coating 

irrespective of the microstructural difference. This combines stress state showed as 

tensile.  

The sources for the mixed mode residual stresses manifested in the diffraction 

techniques and the hole–drilling technique can be theorised. The microstructure of the 

coating revealed by the fractured surface could be represented by a pile of depressed 

spheres with increased contact angle relative to the substrate. This configuration will 

suggest an enhanced contribution from the quenching stress. However, the quenching 

stress so generated at near the coating top surface is reduced as it could have been 

released by the presence of interlayer and vertical cracks through the sintered 

particles. There is another source of the continued tensile stress shown by the hole–

drilling measurement—the thermal stress contribution. The tensile thermal stress 

contribution can be justified based on Equation 5-1 using the properties in Table 5–2. 

The substrate–coating CTE ratio can be shown to be ~ 2.3; this shows significant 

mismatch between the CTE of the coating and the attached substrate. 

On the other hand, there is compressive stresses observed below the coating surface 

as shown by the neutron diffraction measurement which gives the stress state of the 

coating from 40 μm down through the coating thickness. This is stress state is due to 

the peening stress engendered by the hypersonic speed of the HVOF thermal spray 

process. Continuous impact of the unmolten YSZ particles delivered at hypersonic 

speed generated the compressive peening stress shown by the neutron diffraction 

measurements. The coatings response to this mixed mode compressive and tensile 
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stress appears to be the vertical crack identified on both the cross section and the 

fractograph of the coating. In all, for the YSZ coating there is mutual contribution from 

the two sources of the stresses: the deposition process and the substrate–coating CTE 

mismatch; neither of them appears to be dominant. This conclusion also holds for the 

four types of stress: the peening stress, the thermal stress, the quenching stress, and 

the phase transformation stress—none of the four is dominant. 

5.6 Summary 

Residual stress of SHVOF thermal sprayed Al2O3 and YSZ coatings were investigated 

using a combination of the time–of–flight (TOF) neutron diffraction, X–ray diffraction 

and the incremental hole–drilling techniques. It has been demonstrated that SHVOF 

thermal spray is able to deposit coatings of up to ~ 200 µm with suitable integrity. The 

microstructure of both coatings shows distinct building elements—lamellae in the case 

of Al2O3 and fused particles in the case of YSZ. It was shown that the microstructure 

of coatings has considerable impact on the residual stress behaviour of thermal spray 

coatings. However, coating deposition by SHVOF does not alter the internal 

microstructure of the underlying substrate. Regarding the techniques used for the 

residual stress measurement, the following conclusions can be drawn: 

The X–ray diffraction technique provided the surface stress needed to understand the 

immediate response of the coating to its functional environment. This is so in that its 

method of data collection by scanning the sample surface with reduced signal 

penetration compared to neutron diffraction and hole–drilling techniques. 

Through thickness residual stress in the Al2O3 coating has been compressive from the 

neutron diffraction measurements and the hole–drilling techniques. 
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Through thickness residual stress in the YSZ coating has been compressive from the 

neutron diffraction measurements and tensile from the hole–drilling measurement.  

The shear stress contribution to the hole–drilling residual stress varies in the two 

coatings; it was negligible in the Al2O3 coating but significant in the YSZ coating. 

The results of the individual residual stress techniques presented in this chapter do 

not agree when compared to one another; it can be rationalized the three techniques 

offered complimentary understanding of the residual stress behaviour of the coatings. 

The disparities between the diffraction-based techniques results and those of the hole-

drilling technique could be resolved if the diffraction-based technique would account 

for the amorphous contents of the coatings.  This  will be an object of further research.
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Thermal barrier coating ceramic topcoats from YAG 
and YSZ 

6.0 Introduction  

The microstructure and residual stress behaviour of coatings processed from 

suspension feedstock had been presented through the previous two result chapters— 

Chapter Four and Chapter Five. This chapter presents the results of three more 

coatings produced from suspension and solution precursor thermal spray; they have 

been studied as thermal barrier coating. The integrity of the thermal barrier coating 

relies on the effectiveness of its ceramic uppermost layer which provides shield to the 

underlying bond coat and the superalloy—the ceramic layer is otherwise called 

topcoat. Three topcoats were sprayed from different feedstock as presented in Sub-

Section 3.3: two were produced from yttrium aluminium garnet (YAG) while the 

remaining one was produced from yttria stabilized zirconia (8 wt. % YSZ). One of the 

two YAG topcoats was produced from solution precursor while the other was produced 

from a YAG suspension. The solution precursor was a stoichiometry solution of 

aluminium trioxonitrate V nonahydrate and yttrium trioxonitrate V hexahydrate 

represented as Al(NO3)3.9H2O and Y(NO3)3.6H2O, respectively. The YAG topcoat 

sample from the solution precursor is referred to as the SP–YAG while the one from 

suspension is taken as S–YAG. Two YSZ samples presented in this thesis, the first 

one (T1–YSZ) presented in Chapter 5 was deposited with a flame power of 110 kW 

while the one presented in this chapter was deposited with a flame power of 99 kW 

here after referred to as the T2–YSZ. 
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The results on the YAG topcoats presented in this chapter constitute the first on the 

study of YAG processed by HVOF spray technique. The processing-microstructure-

properties relationships were studied through a range of characterization techniques 

and thermal cycling. The mechanism of formation of YAG from the solution precursor 

was also studied with the combination of TGA/DSC and XRD; the formation 

mechanism of both the YAG suspension and the YSZ suspension are trade 

information since they were both sourced from commercial suppliers (see Table 3–1). 

The thermal conductivity of the topcoats was also investigated from 25 °C–1000 °C 

using the samples with the topcoats on a AISI 304 stainless steel. The topcoats on 

Ni–alloy which had bond coat deposited on it was used for the thermal cycling tests 

meant to show the lifespan of the topcoats under thermal fatigue loading. The 

microstructure of the topcoats was studied with SEM, XRD and EDS before and after 

thermal cycling to understand the microstructural variation in the coatings from the as-

sprayed state to the thermal cycled state. 

6.1 Synthesis of YAG from solution precursors 

The combined plot of the thermogravimetric (TG) and the differential scanning 

calorimetry (DSC) plots of the solution precursor described in subsection 3.2.2 are 

shown in a combined plot Figure 6-1(a). The figure shows the combined weight loss 

of ~ 56 % due to evaporation of absorbed water, molecular water, and decomposition 

of the nitrate [250]. The weight loss occurred during the heating process from the 

temperature of 50 °C to end at ~650 °C; the weight loss stopped at the point on the 

TG curve where it plateaued. The DSC curve shows four successive endothermic 

peaks between 100 °C and 500 °C with an exothermic peak at ~940 °C—this puts the 

total reaction enthalpy at about +915.89 J/g. Three temperature stages were identified 
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from the DSC plot: the initial, intermediate, and the final; the marked temperature 

regimes were used to understand the reaction path towards the formation of the YAG 

sample. The temperature at the end of the initial endothermic reaction stages was 

450 °C; it was 750 °C for the intermediate stage while the final stage was marked at 

900 °C.  

The reaction of the solution precursor through the three temperature stages mentioned 

earlier is termed calcination—a thermal decomposition reaction that involved evolution 

of gases. FTIR was used to investigate the progress of the reaction of the solution 

precursor. The FTIR spectra (1800–500 cm-1) of the solution precursor and the 

samples calcined at the three temperatures identified from the DSC plot are shown in 

Figure 6–1(b). The spectrum for the solution precursor shows a band at 1640 cm-1 

associated to the bending mode6 of water and two vibration bands centered at ~1600 

cm-1 and ~1200 cm-1 associated with the stretching vibration mode of the nitrate group 

[250, 251]. Other nitrate vibration bands appear at ~1025 cm-1, ~800 cm-1 and between 

780–660 cm-1. The nitrate vibration bands weaken as temperature increased; at 

750 °C and 900 °C the triplet bands appear between 800 cm-1 and 600 cm-1 and at 

~567 cm-1. The triplet band shows the Al-O metal-oxygen vibration stretching at 788 

cm-1 and 688 cm-1 while the Y-O vibration appears at the 722 cm-1. The unilateral band 

at the 567 cm-1 represents another Y-O [250, 251]. 

 

 
6 Bending mode means a molecular vibration in which bond angles are expanded and compressed 
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Figure 6-1: (a) Combined plot of the thermogravimetric (TG) and the differential scanning 

calorimetry (DSC) of the solution precursor showing percent water loss (56.19 %) from the 

sample, the endothermic peaks labelled as: ω, τ, η, and ψ in the temperature ranges marked 

(a–b, b–c, c–d, d–e) and the exothermic peak Φ in the temperature range f–g respectively. (b) 

FTIR spectra of the solution precursor and the sols calcined at different temperatures (450 °C, 

750 °C and 900 °C) 
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Figure 6–2(a) and (b) show the XRD diffractograms of the calcined samples which 

decomposed on heating from room temperature to temperatures above 900 °C. The 

first stage of the calcination marked by the temperature of 450 °C constituted material 

loss stage during which water and evolution of gases occurred. During this stage no 

crystallization had occurred. The following stage at the temperature of 750 °C showed 

crystalline YAG phase is beginning to form with the emergence of the most prominent 

peak of the YAG phase—the peak (420) at the 2theta 33° position. However, the 

domination of amorphous phase in the first two stages of the calcination manifested 

as two broad humps stretching between 20°–40° 2θ for the first stage and 40°–70° 2θ 

for the intermediate stage. The calcination done at 900 °C, the final stage yielded 

crystalline samples identified as cubic YAG—the Rietveld refinement analysis of the 

XRD scan profile provides the crystallite size of the YAG to be 28±0.3 nm. The lack of 

crystallinity in the first and intermediate stages of the YAG formation made it 

unnecessary to analyze the XRD scan profiles of the two stages by Rietveld 

refinement. 
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Figure 6-2: (a) XRD scan profile of precursor calcined at 450 °C and 750 °C—mostly 

amorphous (b) Rietveld refinement of the XRD scan profile of the precursor calcined at 900 

°C showing crystalline phase composition—a pure YAG phase. 
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6.2 Microstructure and phase composition: feedstock and as-sprayed coatings 

6.2.1 YAG powder from the as-received suspension 

A typical SEM micrograph and particle size distribution curve for the YAG particles in 

the as-received YAG suspension are shown in Figure 6–3. The particles appear as 

agglomerates (Figure 6–3(a)), with the size of the constitutive particle in an 

agglomerate being ~100 nm, as shown in the inset. The particle size distribution in the 

as-received suspension is shown in Figure 6–3(b) depicting D10, D50 and D90 to be 

1.37 μm, 5.08 μm and 11.36 μm respectively. The D10 size meant 90 % of the particles 

in the suspension were larger than 1.37 μm; D50 meant half of the particles in the 

suspension have a size of 5.08 μm while the D90 size suggested that 10 % of the 

particles in the suspension were larger than 11.36 μm This particle size distributions 

confirm the YAG particles in the suspension were agglomerates. 
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Figure 6-3: (a) SE SEM micrograph showing agglomerates of YAG particles dried out from the 

as-received suspension—the inset presents the higher magnification micrograph of the 

powder particles showing details of the particles in size and morphology (b) Particle size 

distribution of YAG particles in the as-received suspenion—the curve marked ‘1’ is the 

cumulative volume % of the particle distribution, the one marked ‘2’ is the volume % of the 

particle distribution 

(2) 

(1) 
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Figure 6-4: Rietveld refinement of the XRD scan profile of the box furnace dried powder from 

the as-received YAG suspension showing crystalline phase composition of YAG and Y2O3—

Rietveld Analysis was done by Dr Zdenek Pala 

The Rietveld refinement analysis of the powder from the as-received YAG suspension 

shows the presence of two crystalline phase compositions. The powder particles 

consist of ~98 % cubic YAG; the powder contains some Y2O3 impurities which makes 

the balance, as shown in the Figure 6–4. The crystallite size of the cubic YAG phase 

as analysed gives 92±5 nm. 

6.2.2 Single splat study and the particle diagnostic features: S–YAG, SP–YAG and 

YSZ 

The building blocks of thermal spray coatings are mostly splats; however, the results 

of the T1–YSZ coating presented in this thesis (see sub-section 5.1.2) shows a coating 

can as well be made of sintered particles. The SP-YAG and the S-YAG coatings 

consist of splats and lamellae as against the sintered particles in the YSZ coating. The 

SP-YAG splats collected onto a polished substrate from the single pass of the fast-

traversed gun moving vertically across the length of the substrate are shown in Figure 

6–5; the splats formed from molten particles into irregular morphology and varying 

sizes. The dominant morphology of the splats is the irregular ones; a few more of the 
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splats takes the elliptical and circular shape on visual inspection. In terms of the sizes, 

the irregular splats are bigger and well spread out to cover the surface of the substrate.  

The pile of the splats built dense lamellae with submicron and micron size intra-

lamellar voids as in the fractograph shown in Figure 6–6.  

 

 

Figure 6-5: SE scanning electron micrograph of molten SP–YAG topcoat splats collected on 

polished AISI 304 stainless steel showing the splat morphology and spread after impact—the 

individual plate shows the diversity of the splats collected from the fast single swipe of the 

spray gun. 
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Figure 6-6: SE scanning electron fractograph of the SP–YAG topcoat showing lamella cross-

section and intra-lamella void 
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Figure 6-7: SE scanning electron micrograph of molten S–YAG topcoat splats collected on 

polished AISI 304 stainless steel showing the splat morphology and spread after impact—the 

individual plate shows the diversity of the splats collected from the fast single swipe of the 

spray gun. 

Similarly, the S-YAG splats collected from the single pass of the gun are shown in 

Figure 6–7; molten particles impact the substrate to form splats of varying sizes and 

morphology. Three morphologies are identifiable by visual inspection from the 

scanning electron micrograph as shown: circular, elliptical, and the irregular. The 

circular splats make the most of the splats in number; the circular splats are mostly on 

the top face of the irregular splats. Most of the irregular splats laid in direct contact 

with the substrates with splashed edges which compliments the spread on the surface. 

Few of the splats takes the elliptical morphology with reduced spread compared to the 

irregular splats.  As in the SP–YAG, the splats over laid on top of one another to build 
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dense lamellae with micron size intra-lamellar voids as shown on the fractograph 

presented in Figure 6–8. The lamella size of the S-YAG is ~ 25 µm as against ~ 5 µm 

in the SP-YAG. 

 

Figure 6-8: SE scanning electron fractograph of the S–YAG topcoat showing lamella cross-

section and intra-lamella void 
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Figure 6-9: SE scanning electron micrograph of partly molten YSZ particles collected on 

polished AISI 304 stainless steel showing the particle morphology and sizes—the individual 

plate shows the diversity of the particles collected from the fast single swipe of the spray gun 

while the inset in (b) shows the as-received YSZ powder particles. 

The clusters of YSZ particles collected onto polished AISI 304 stainless plate are 

shown in Figure 6–9. The morphology of the individual particles in the collected 

clusters is angular; it does not deviate from the morphology of the particles identified 

in the as received suspension of the YSZ shown in the inset of Figure 6–9 (b). The 

size of each cluster ranges from 0.5–2.5 μm; the individual particle in the big clusters 

matches the D50 of 0.6 μm PSD described in subsection 3.1 (Table 3–1).  Each of the 

clusters also show fringes which appear as a thin molten layer that has burst due to 

the impact force upon landing on the substrate. The spread of the fringes is reduced; 

the extent of the spread around each cluster appears to be relative to the size of the 

clusters. The pile of the particle clusters makes the coating microstructure as shown 
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in the fractograph of the YSZ topcoat shown in Figure 6–10. This fractograph matches 

with the fractograph of the T1-YSZ presented in sub-section 5.1.2.  

 

Figure 6-10: Fractograph showing fused particles, inter layer crack in the as–sprayed YSZ 

topcoat 

6.2.2.1 In-flight particle diagnostics  

The diagnostic features, temperature, and velocity, of the particles impacting the 

substrate to form the splats or as partly molten particles were measured at the same 

spray distance used in the deposition process for the respective coatings. The 

measurements were completed without the substrates to ensure free flow of the 

particles. The data as collected for the individual materials, SP–YAG, S–YAG and T1-

YSZ are presented in Appendix B. The velocity and temperature values recorded 

represent the average for the particles in a control volume defined as 3.2 mm x 10 mm 

x 25 mm. Multiple measurements (~60) were taken at a reaction time of 5s. Each 
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temperature and velocity measurement taken will have an associated measurement 

error ±3 % to account for the uncertainties in the coating deposition process. The 

particle temperature and the associated velocity for each of the topcoats are shown in 

Table 6-1; the associated errors are due to the accuracy of the instrument, as 

presented in sub-section 3.3.1. The uncertainties associated with the temperature 

values are ± 48 °C and ± 64 °C while for the velocity values, the uncertainties come to 

± 25 m/s and ± 28 m/s for the SP–YAG and the S–YAG respectively. The temperature 

and the velocity of the YSZ particles were measured to be 2683 ± 80 °C and 1156 ± 

35 m/s respectively. The upper limit of the temperature puts the particles temperature 

above the ~2700 °C melting point for YSZ while the lower limit suggests the particles 

could not have melt at temperature difference of ~100 °C to the melting point. In 

addition, the in-flight velocity of the particles suggests the resident time of the particles 

inflight precludes the possibility of melting. This further supports why the YSZ coating 

presents as a pile sintered particles.  

Table 6-1: In-flight particle diagnostics 

S/N Topcoats Temperature, °C Velocity, m/s 

1. SP–YAG 1612 ± 48 843 ± 25 

2. S–YAG 2132 ± 64 933 ± 28 

3. YSZ 2683 ± 80 1156 ± 35 
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6.2.3 SP–YAG and S–YAG topcoats 

This section presents the top surface morphologies of the two YAG coatings as shown 

in Figure 6–11. The common feature of the two coatings consists of randomly 

distributed bumps throughout the spread of their surfaces; the planner view of the 

bumps shows like the top of a cauliflower. The bumps on the SP–YAG coating (Figure 

6–11(a)) appear smaller compared to those on the S–YAG coating (Figure 6–11(b)). 

The magnified view of the bumps on each of the two coatings are shown as insets; 

each one presents clusters of particles. Each of the clusters on the SP–YAG surface 

could be piles of formed particles from the solution precursor or resolidified or 

unmolten YAG particles in the case of the S–YAG. 
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Figure 6-11: (a) SE scanning electron micrograph showing surface morphology of SP-YAG 

topcoat with randomly distributed bumps (b) SE scanning electron micrograph showing 

surface morphology of S-YAG topcoat with randomly distributed bumps. 
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The BSE micrographs of the cross section of the two coatings are shown in Figure 6–

12. The micrograph of the SP-YAG coating in Figure 6–12(a) shows the three layers 

of the TBC system: the SP-YAG topcoat, the MCrAlY bond coat and the Ni-super alloy 

substrate. The SP-YAG topcoat has a thickness of 33 ± 1 μm; the higher magnified 

image in Figure 6–12(b) shows randomly distributed pores, inter splat boundaries and 

it shows no crack nor delamination at the interface with the bond coat. Figure 6–13 

shows the micrograph of the as-sprayed S-YAG topcoat on the MCrAlY bond coat laid 

on the Ni-superalloy substrate. The topcoat microstructural features present inter-splat 

boundaries, pores, vertical and horizontal micro cracks. The S-YAG topcoat has a 

thickness of 139 ± 4 μm, showing good interface adhesion with the bond coat with no 

observable crack nor delamination. 
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Figure 6-12: (a) Back scattered electron (BSE) scanning electron micrograph showing the 

cross section of as-sprayed SP-YAG topcoat on bond coated nickel (Ni) substrate with a white 

square dot designating the EDX spectrum collection spot a (see Table 6-2) (b) higher 

magnification of the SP-YAG topcoat showing pores, inter splat boundary and the interface 

with the MCrAlY bond coat. 
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Table 6-2: EDX analysis of the atomic % of Al, O, and Y in the as-sprayed SP-YAG and S-

YAG topcoats; the EDX collection areas are marked in Figure 6–12 and 6–13 

Elements 

Topcoat samples 

SP-YAG 

(spectrum a) 

S-YAG 

(spectrum b) 

O 60.2 61.3 

Al  23.4  22.7 

Y 16.4 16.0 

 100.0 100.0 

 

 

Figure 6-13: Back scattered electron (BSE) scanning electron micrograph showing the cross 

section of as-sprayed S-YAG topcoat on bond coated nickel (Ni) substrate with a white square 

dot designating the EDX spectrum collection spot b, pores, vertical and horizontal cracks, inter 

splat boundary and the interface of the S-YAG topcoat with the MCrAlY bond coat. 
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A check on whether the YAG produced from the solution precursor matches the YAG 

sprayed from the commercially sourced YAG suspension was done through elemental 

composition analysis. The two coatings were analysed to compare the three major 

elements in the yttrium-aluminium system (Al, Y, and O) based on its structural 

formula— YxAlqAlmOn. The elemental composition analysis of the SP-YAG (Figure 6–

11(b)) and S-YAG (Figure 6–12) topcoats show the two coatings consist of the same 

elements and in the same proportion by atomic wight percent as presented in Table 

6–2. The carbon signal from the carbon coating of the samples was excluded from the 

analysis.  

6.2.4 YSZ topcoat 

The as-sprayed YSZ topcoat presented here is the T1-YSZ named in sub-section 3.3. ; 

a visual inspection of the top surface of the YSZ topcoat shown in Figure 6–14(a) 

reveals the distribution of bumps throughout the entire surface of the coating. The 

bumps in this case were more regular and less pronounced compared to those 

identified on the two YAG coatings.  The magnified view of the bumps shown as inset 

provides that the bumps consist of fused particles; this is consistent with what has 

already been shown in sub-section 6.2.2 that the building block for the YSZ coating 

consist of partially molten particles. The surface morphology as shown for the YSZ 

topcoat matches the T1-YSZ coating presented in Chapter 5; the feedstock used for 

the deposition was the same, but the difference was the spray parameters 

implemented. The variation of spray parameter was part of an experiment to ascertain 

the optimized deposition parameters for YSZ suspension sprayed with HVOF spray 

technique.  
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Figure 6-14: SE micrograph of the top surface morphology of the YSZ topcoat showing surface 

bumps and fused particles (b) BSE micrograph of the cross-section of the YSZ topcoat on 

bond coated nickel (Ni) substrate showing vertical cracks 

The micrograph showing the cross section of a coating provides information about the 

coating thickness in addition to observable defects. The YSZ topcoat shown in figure 

6–14 has no interlayer defect at the boundary with the underlying bond coat. The 

obvious defect as shown on the cross section is the vertical crack which extends from 

the top of the coating to a depth of ~30 μm. The thickness of the topcoat is measured 

to be 107 ± 5 μm. 
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6.2.5 Phase composition in the topcoats due to deposition process 

Phase transformation is a usual phenomenon identified with materials processed with 

thermal spray techniques. The transformation could be from crystalline to amorphous 

where melting of the feedstock occurs; it may as well be from one crystalline phase to 

another where the material involved exhibit polymorphism. The materials presented 

here, YAG and YSZ, both have more than one polymorph. Rietveld refinement 

analysis of the XRD scan of the coatings SP-YAG, S-YAG and YSZ was performed to 

identify and quantify the phase compositions of the respective coatings because of the 

deposition process. The analysis on the XRD scan of the SP-YAG and the S-YAG 

coating top surface was done to tell if in addition to YAG there are more contributors 

from the Al-Y-O family, AlYO3 (YAP) and Y4Al4O9 (YAM), in the as-sprayed topcoats. 

It is also possible to have one or both of Al2O3 (aluminium oxide) and Y2O3 (yttrium 

oxide) in a case of inhomogeneous decomposition of the solution precursor [116]. The 

results of the analysis are shown in Figure 6–15(a) and (b)). The SP-YAG coating has 

~10 wt. % crystallinity; the remaining amorphous contents makes the balance, which 

forms the bulk of the coating. This the reason for the two amorphous humps in the 

XRD scan profile (Figure 6–15(a)) with the peaks at ~32.0° and ~47.5° 2θ, 

respectively. The S-YAG coating (Figure 6-15(b)) on the other hand has ~12 % 

crystallinity; its amorphous humps have peaks at ~31.5° and ~48.9° 2θ, respectively. 

The crystalline contents of the SP-YAG coating present ~23% less YAG (Y3Al5O12) 

compared to the S–YAG and ~17% more of hexagonal YAP (AlYO3) than was 

quantified in the S–YAG. The crystallite sizes in the two YAG coatings also vary; the 

SP-YAG has crystallite size of 72±8 nm compared to 53±5 nm in the S-YAG. The 

crystallite size of the S-YAG has reduced after the deposition process; this is in 
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comparison to the 92±5 nm crystallite size of the as-received YAG particles which is 

very close to the 100 nm estimate for the individual particles in the agglomerates 

identified in the SEM micrograph of the particles. 

 

Figure 6-15: Rietveld refinement profile of the XRD scan of the as-sprayed (a) SP-YAG topcoat 

(b) S-YAG topcoat deposited onto MCrAlY bond coat; each showing amorphous humps and 

two crystalline phase compositions with varying proportions—Rietveld analysis was done by 

Dr Zdenek Pala. 
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Figure 6-16: Rietveld refinement profile of the XRD scan of the as-sprayed YSZ topcoat 

showing total tetragonal phase transformation—Rietveld analysis was done by Dr Mingwen 

Bai.  

The phase composition of the YSZ topcoat (se Figure 6-16) consists of a single phase 

despite the dual phase contained in the starting feedstock—monoclinic 25 % and 

tetragonal ~75 %. The only phase in the YSZ topcoat in its as-sprayed form is the 

tetragonal polymorph; the crystallite size calculated for the single phase is 72 ± 2 nm. 

The crystallite size in this as-sprayed coating is larger than the respective sizes of the 

monoclinic (28 ± 5 nm) and the tetragonal (14 ± 0.3 nm) phase in the feedstock.  

6.3 Thermal conductivity of ceramic topcoats: SP-YAG, S-YAG and T2-YSZ 

The thermal conductivities of the respective topcoat ceramics were obtained by double 

layer approach detailed in subsection 3.5.1; in this case, the double layer consists of 

the ceramic topcoat on AISI 304 substrate [252]. The thermal conductivity of the 

topcoat was calculated from the thermal conductivity of the composites using Equation 

3.17.  The composite conductivity varies with the individual topcoats on the substrate. 

For the composite of SP-YAG coating on the substrate AISI 304, the thermal 
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conductivity was ~ 6.7 W/m*K at 25 °C; it rose to ~19.4 W/m*K at 1000 °C. For the 

AISI 304 coated with S-YAG, the conductivity was ~ 0.6 W/m*K and ~1.7 W/m*K at 25 

°C and 1000 °C respectively; it was ~7.6 W/m*K and ~17.5 W/m*K at 25 °C and 1000 

°C respectively for the composite of the T2-YSZ on the substrate. The thermal 

conductivity data of the three topcoats on AISI 304 is presented in detail in Appendix 

D. The calculated thermal conductivity based on Equation 3.17 for the three topcoats, 

SP-YAG coating, S-YAG coating and the T2-YSZ coating layers without the substrate 

contribution are shown in Figure 6–17. The conductivity of each of the three topcoats 

layer was less than 1.0 W/m*K at 25 °C; at the 1000 °C temperature, only the SP–

YAG remained below 1.0 W/m*K. The S-YAG topcoats had its thermal conductivity 

reached ~1.7 W/m*K at the 1000 °C while the T2-YSZ topcoat layer showed increased 

thermal conductivity at the 1000 °C temperature reached ~2.0 W/m*K; for each of the 

S-YAG and the T2-YSZ, the increment was about 300% from 25 °C to 1000 °C. 
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Figure 6-17: Thermal conductivity of the three ceramic topcoats plotted against temperature 

from 25 °C to 1000 °C—see Table 25 in Appendix E for the 95 % confidence level of the mean 

of the data sets.  

6.4 Microstructure and phase transformation due to thermal cycling 

6.4.1 Microstructure of thermal cycled ceramic topcoats 

Each of the TBC samples were subjected to hundred 80-minute thermal fatigue cycles 

for evaluation performance; a cycle consists of a ramp up to 1100 °C and holding at 

the elevated temperature before it was forced cooled to near room temperature to 

complete a cycle. The cross section of the thermally cycled SP-YAG and S-YAG are 

shown in Figure 6–18(a) and (b) respectively. The cross section of the sample with the 

SP-YAG topcoat in Figure 6–18(a) shows regions of partial and total topcoat 

spallation, the TGO layer and EDX spectra collection point (see Table 6–2). The EDX 

spectrum of the partial spallation region marked ‘1’ shows Al, O, and Y as its main 

compositional elements with traces of Cr (0.3 %) and Ni (0.2 %). The spectrum 
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designated by 2 shows the elemental distribution in the bond coat layer after the 

thermal cycling. The magnified view of a partial spallation region is shown as an inset. 

The inset shows horizontal micro cracks that run between the topcoat and TGO layer 

(~8 µm in thickness) and from the TGO into the topcoat layer. The inset also shows 

an internal oxidation site and an additional brighter region above the TGO layer with 

an EDX spectrum spot marked ‘3’.  
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Figure 6-18: BSE scanning electron micrograph showing the cross section of (a) thermally 

cycled SP–YAG topcoat (b)  thermally cycled S–YAG topcoat respectively with the TGO layer 

and white square dots representing EDX spectrum collection spots (1,2, and 3 see Table 6–

3) 
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Table 6-3: EDX analysis on the cross section of the thermally cycled TBC samples showing 

atomic % of elemental composition 

Elements 
SP-YAG spectra S–YAG spectra T2–YSZ 

1 2 3 1 2 2 3 

O 66.6 – 69.7 61.5 – – 58.7 

Al 19.5 8.9 19.1 22.7 10.8 8.0 24.8 

Y 13.4 – 2.8 15.8 – – – 

Ti – 0.9 – – 0.6 0.6 – 

Cr 0.3 22.2 2.0 – 21.7 23.9 3.4 

Co – 29.9 3.8 – 31.0 33.5 7.6 

Ni 0.2 37.0 2.5 – 35.9 34.0 5.5 

Mo – 1.1  – – – – 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

 

Figure 6–18(b) shows the cross section of the sample with the S-YAG topcoat. It 

presents partial topcoat spallation region with intra layer micro cracks running parallel 

to the top, the TGO layer and EDX spectra collection points (see Table 6–3). The EDX 

spectrum of the partial spallation region marked ‘1’ shows only Al, O, and Y as its 

compositional elements. The magnified view of a partial spallation region is shown as 

an inset; it shows an internal oxidation site, the TGO layer (~3 µm in thickness), and 

micro pores. 
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Figure 6-19: BSE scanning electron micrograph showing the cross section of thermally cycled 

T2-YSZ topcoat with the TGO layer and white square dots representing EDX spectrum 

collection spots (2 and 3, see Table 6–3). 

The response of the T2-YSZ coating to the thermal cycling process was different from 

those of the two YAG topcoats. The micrograph of the thermal cycled T2-YSZ coating 

presents different features to the microstructure of the two YAG coatings after thermal 

cycling. The topcoat remains on the bond coat, as shown in Figure 6–19 although with 

identified cracks and the growth of the TGO. The delamination of the topcoat from the 

bond coat initiates from within the mixed oxide layer above the TGO layer. The failure 

of the topcoat was accompanied by linked vertical and horizontal cracks. The EDX 

analysis of the brighter layer (spectrum 3, see Table 6–3) above the TGO shows the 

presence of oxygen in addition to elements from the bond coat; the composition of the 
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layer fits the description of mixed oxides identifiable in thermally cycled TBCs. The 

remaining spectrum (marked 2) shows only metals without any contribution from 

oxygen.  

6.4.2 Phase transformation of the coatings due to thermal cycling 

Phase transition results from post spray heat treatment of thermal spray coatings; in 

this case, the amorphous contents of the two YAG topcoats became crystalline while 

the T2-YSZ topcoat experienced whole or partial transition from tetragonal phase to 

monoclinic phase at the thermal cycling dwell temperature of 1100 °C. The quantitative 

analysis of the resulting crystalline phase was obtained with the Rietveld refinement 

profile of the XRD scan of the thermally cycled topcoats. The analysed XRD profiles 

for the YAG topcoats are shown in Figure 6–20(a) and (b). The two YAG coatings 

show amorphous to crystalline transition as the amorphous humps at the 2θ positions 

of ~32.0° and ~47.5° 2θ in the SP-YAG and at the ~31.5° and ~48.9° 2θ position in 

the S-YAG got replaced with crystalline peaks; the same phase compositions were 

identified in the two coatings although to varying percentage quantities. The SP-YAG 

topcoat shows ~6% more corundum (alpha Al2O3) than found in the S–YAG, ~9 % 

more of spinel and ~1 % more of FCC cobalt. The S-YAG however, contains ~15% 

more of crystalline YAG than the SP-YAG topcoat. 
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Figure 6-20: Rietveld refinement profile of the XRD scan of the thermally cycled (a) SP-YAG 

topcoat (b) S-YAG topcoat; each showing four crystalline phase compositions with varying 

proportions—Rietveld analysis was done by Dr Zdenek Pala. 
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Figure 6-21: Rietveld refinement profile of the XRD scan of the thermally cycled T2-YSZ 

topcoat showing three crystalline phase compositions with varying proportions—Rietveld 

analysis was done by Dr Zdenek Pala. 

The YSZ topcoat shows two more crystalline phases in addition to the tetragonal 

phase compared to the as-sprayed form of the coating. The new phases are 

monoclinic zirconia and a spinel; each of these new phases contribute only ~5% to the 

phase composition of the thermal cycled topcoat. More of the desirable tetragonal 

phase is retained although the quantity is ~10% less compared to the quantity of 

tetragonal phase in the as-sprayed form. The thermal cycled YSZ topcoat shows no 

presence of corundum, nor the FCC cobalt as found in the two YAG topcoats (SP-

YAG and S-YAG); this observation suggests how much protection each of the three 

topcoats offers to prevent the depletion of the elemental compositions in the underlying 

bond coat.  
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6.5 Discussion 

6.5.1  Topcoat coating formation 

The formation mechanism of the respective topcoats presented in this chapter varies 

from one another based on the thermal properties of each of the materials and 

processing conditions. The formation of the YSZ topcoat has been elucidated in 

chapter 5, sub-section 5.5.1; the formation mechanism for the respective YAG 

topcoats is presented in this sub-section. The YAG coatings obtained from the solution 

precursor (SP-YAG) built from molten splats as did the YAG coating obtained from the 

YAG suspension (S-YAG); however, the splat formation mechanism and the 

deposition efficiency of the two coatings, set them apart. Similarly, the microstructure 

of a coating is influenced by its building block which could be one or all of splats, semi-

molten particles, resolidified particles and unmolten particles based on the coating 

formation mechanism [7, 15]. Depending on the spray deposition parameters, the 

coating microstructure will be dominated by one of the coating microstructural 

constituents listed earlier. Splats as a coating building block dominate the 

microstructure of the two YAG coatings given the ratio of amorphous to crystalline 

contents of the two coatings, ~9:1 in the SP–YAG compared to ~7:1 in the S–YAG.  

The SP-YAG formed from the thermal decomposition of nitrates solution precursor; a 

YAG formation method like the combustion synthesis described by Kakade et al. [253] 

and Ramanathan et al. [254]. The combustion synthesis of ceramics involves precise 

mix of precursors (referred to as oxidizers) and fuel to prevent the formation of 

ceramics contaminated by unburned precursors and unreacted carbonaceous 
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products [254]. The formation process presented by the SP-YAG, however, differs 

from the combustion synthesis in that no fuel was mixed with the solution precursor 

before it was sprayed to form YAG. The thermal decomposition route of the solution 

precursor is an endothermic reaction process; it presents a different coating formation 

mechanism from that of a suspension spray process. Low deposition efficiency, 

however, characterizes coating deposition using solution precursor [145]—the SP-

YAG is not an exception, it has < 2 µm/pass as against the ~ 3.5 µm of the S-YAG. 

The S-YAG microstructure formed from the evaporation of the aqueous medium 

carrying the particles, melting and re-solidification of the YAG particles carried in the 

medium. This formation mechanism has been reported for SHVOF thermal sprayed 

ceramics [13, 144]; molten particles of the YAG material which solidify into splats have 

been shown in Figure  6–7. The S–YAG has lamellae size of ~25 μm and 7:1 ratio of 

amorphous to crystalline contents in comparison to ~5 μm lamellae size and 9:1 ratio 

of amorphous to crystalline contents in SP-YAG. 

More so, the variation in the formation mechanism of the SP-YAG and S-YAG drives 

the measured temperature of their respective in-flight particles. The SP-YAG particle 

temperature of 1612 ± 48 °C resulted from thermal energy lost due to cooling because 

of evaporation in addition to the endothermic heat of reaction consumed from the 

combusted gases. In contrast, the S-YAG particles has retained much of its thermal 

energy to have a temperature of 2132 ± 64 °C as it was only cooled due to the thermal 

energy lost from the evaporation of the aqueous medium carrying the particles. More 

so, the variation in the measured temperatures could have been due to the resident 

time of the feedstock in the flame—the in-flight particle velocity for the particles of each 
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the SP-YAG and the S-YAG differ by ~90 m/s although the spray parameter conditions 

were the same for the deposition of both coatings.  

It is, however, not an aberration that the temperature of the SP-YAG particles at the 

spray distance of 85 mm was less than the melting point of YAG (1970 °C), yet it 

presents splats often formed from molten particles (see Figure 6–5). The mechanism 

of coating formation from solution precursor proceeds from evaporation of liquid 

medium to precipitation, pyrolysis before melting [255]—in this case the molten 

particles had cooled in-flight prior to the rapid quenching that accompanied the impact 

on the substrate. The inflight cooling springs from the nature of the deposition process; 

HVOF flame exhibits temperature gradient downstream away from the combustion 

chamber [236]. As the molten particle travels through the flame, it experiences 

continuous heat transfer with the combusted gases and the flame causing it to cool. 

The evaporation of the liquid carrier in addition to the endothermic nature of the 

reaction synthesis forces proportionate cooling of combusted gases and the flame 

downstream at the gun exit up to the substrate onto which the YAG product was 

deposited. This explains why the temperature of the SP-YAG particles (~1612 °C ) 

measured at spray distance of 85 mm from the gun exit varies significantly from the 

temperature of  2927 °C of the combustion chamber based on the numerical modelling 

of the deposition of the SHVOF studied by Chadha et al. [236]. It is thus possible that 

the temperature profile for the SP-YAG deposition process lies between 2927–

1612 °C; this temperature range exceeds the formation temperature range of 800 °C 

to 1100 °C reported for pure YAG synthesis by thermal decomposition synthesis [253]. 

Should the temperature range of 2927–1612 °C be confirmed for the SP–YAG coating 

formation, it suggests the YAG in the SP-YAG formed and melt in-flight to justify the 
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splat build up associated with the SP-YAG; the evidence of the inflight melting was in 

the amorphous humps identified in the as-sprayed coatings. 

The top surface morphology of the two YAG coatings present with an additional feature 

than just molten particles; randomly distributed bumps cover the top surface of the 

respective YAG coatings. The bumps in S-YAG on the coating surface formed due to 

in-flight re-solidification of molten particles; the re-solidified particles coalesce into 

aggregates that piled up as surface bumps with a conical base shown on the coating 

cross section. The molten particles that formed the SP-YAG also exhibit in-flight re-

solidification and coalescence to form surface bumps which although look different to 

those identified in the S-YAG as in Figure 6–11. 

6.5.2 Phase formation in the as-sprayed YAG topcoats 

The produced SP-YAG deviates from the conventional route widely used in the 

production of engineering ceramics; stoichiometric precursor solution was injected into 

a mixture of hot turbulent combusted gases and flame with central static temperature 

in excess of 2927 °C [236]. The combination of the DSC results, the FTIR and the 

XRD scan of the calcined samples provide insight on how the phases in the SP-YAG 

form. The formation process presents two endothermic amorphous stages: the first 

(150-450 °C) due to water loss and the decomposition of the nitrates accompanied by 

effervescence of nitrous oxides [253], the second (500-900 °C) due to aluminium ion 

(Al3+) coordination site rearrangement and yttrium ion (Y3+) substitution [256, 257]. The 

rearrangement of the Al3+ ions and the Y3+ ions mark the formation of YAG from the 

precursor. The precursor calcined at 450 °C represents the end of the stage where 

the material was entirely amorphous stage giving that the results of the precursor 

calcined at 750 °C was representative of a stage containing mostly the amorphous 
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phase; at this stage there was no contribution from the nitrate decomposition process 

as the FTIR result contains no nitrate ions. The amorphous phase at this stage 

(750 °C) represents the onset of the YAG phase formation since YAG forms by 

aluminium ion (Al3+) coordination site rearrangement and yttrium ion (Y3+) substitution. 

The rate of chemical reactions increases with increased surface area and temperature; 

therefore, the breakup that accompanies the atomization of the solution precursor 

when it was injected into the combustion chamber provides a higher surface area while 

the combustion chamber temperature of 2927 °C provides the high reaction 

temperature. These two conditions facilitate the rapid evaporation of the liquid medium 

and the onset of the decomposition reactions of the precursor reactants. This explains 

why the SP-YAG contains crystalline YAG despite the reduced deposition time while 

the precursor calcined for 3 hours at 750 °C remains mostly amorphous.  

The variation in temperature of deposited splats—the building blocks of coating—also 

impacts on the degree of crystallinity of the YAG coatings. The two coatings are mostly 

amorphous, SP-YAG with amorphous contents of ~90% shows 2% less crystallinity 

compared to the S-YAG with amorphous contents of ~88% however, this disparity is 

not significant. The crystalline compositions of the two coatings presents no variation; 

each one shows cubic YAG and hexagonal YAP, though in varying proportions. In a 

reaction with intermediate products, the least stable reaction product precipitates first 

based on the Ostwald rule of successive formation [220]. The hexagonal structure of 

YAP forms first from the amorphous Al2O3-Y2O3 system. This explains why both the 

SP-YAG and the S-YAG contain YAP (hexagonal) though in varying quantities as the 

two coatings quenched from different temperature. The presence of YAG and YAP in 

coatings sprayed from YAG powder was reported by Weyant and Faber [148]—the 
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occurrence was attributed to the rapid quenching effect of thermal spray processes. It 

is, however, unclear what the constituents of the amorphous phases in the two 

coatings are. On this, even if the FTIR confirms metal-oxygen bond (M-O-M) formation 

in a material, it does not give conclusive proof of the possible compounds and/or 

phases in a coating. The FTIR analysis of the sprayed precursor for the SP-YAG 

confirms the formation of Al-O, and the Y-O vibration bonds. The FTIR analysis does 

not confirm which of the Al2O3-Y2O3 formation is present—AlYO3 (YAP), Y4Al4O9 

(YAM) and Y3Al5O12 (YAG). YAP, a form of the Al2O3-Y2O3 system is unstable—unlike 

YAM and YAG, exists peritectically at 1875 °C and has hexagonal, cubic and 

orthorhombic crystal structure, in sequential order from the amorphous phase 

[257].The EDX analysis of the two YAG coatings however shows no significant 

difference in the atomic % compositions of Al, Y, and O (see Table 6–1) unlike the 

FTIR. 

6.5.3 Phase evolution of the ceramic topcoats after thermal cycling 

Phase evolution and failure in TBC systems relate to the operating or the test 

temperature of the TBC system; in this case 1100 °C in air, as detailed in sub-section 

3.5.3. The phase evolution of the three topcoats from the as-sprayed forms to the 

identified phases in the thermal cycled topcoats varies. At the test temperature of 

1100 °C, amorphous to crystalline YAG [148] and hexagonal YAP to YAG [251] 

transitions were present in the SP-YAG and the S-YAG. The amorphous-crystalline 

transition in the two YAG topcoats proceeded with volume reduction due to the 

establishment of structural order. The kinetics of amorphous to crystalline YAG 

transition shows the transformation gets completed in a temperature range of 900–

1100 °C in less than 20 minutes [148]—this suggests the two coatings have 
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transformed to full YAG in the first cycle of the thermal cycle test. The temperature 

range precludes the possibility of forming intermediate phases of hexagonal and cubic 

YAP in succession before the formation of YAG from the thermal decomposition cubic 

YAP to yield YAG and YAM [257]—see the phase diagram for Al2O3–Y2O3 system in 

Appendix C.   

This is true for the shown coatings; no YAM phase showed in the coatings after the 

thermal cycling test. Differently, the missing hexagonal YAP in the two coatings after 

thermal cycling could have transformed directly to YAG; this has been reported by 

Ramanujam et al. [251]. The two coatings also show corundum phase after thermal 

cycling. This shows that the amorphous humps in both the SP-YAG and S-YAG were 

an amorphous phase with YAG composition with no Al2O3; this is because amorphous 

Al2O3 does not transit directly to corundum for structural and thermodynamic reasons. 

It will transit through the metastable Al2O3 phases to corundum based on Ostwald step 

rule [13]—see sub-section 4.6.1. The percent composition of corundum in the SP-YAG 

coatings was 28.02 % while its appearance in the S-YAG was up to 22.17 %. The 

corundum here is likely to have formed from the oxidation of the aluminium in the 

underlying bond coat; since YAG does not conduct oxygen unlike YSZ [140]. The 

percent content of corundum in the two coatings reflects the initial microstructure of 

the coatings prior to thermal cycling. The SP-YAG has reduced defects that could have 

created pathway for oxygen to reach the bond coat unlike the S-YAG where its vertical 

cracks could channel oxygen to the bond coat. The corundum in the two TBCs with 

YAG topcoats may have formed due to the oxygen reaching the bare surface of the 

bond coat after the simultaneous partial and complete spallation sites created in the 

topcoats during the thermal cycling.  
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For the T2-YSZ topcoat shows ~11% less of its tetragonal phase and some 5% 

monoclinic phase at the test temperature of 1100 °C with overall duration of the test 

cycle reaching 133 hours. The test temperature of 1100 °C matches the transition 

temperature at which zirconia switches between the monoclinic and the tetragonal 

phase [243]; only 5% monoclinic zirconia forms in the coating after 133 hours. On the 

kinetics of the phase transition, Mingwen et al. [144] showed that YSZ coating 

deposited from ethanol-based suspension exhibited phase stability but not beyond 

1000 °C for 72 hours. For the coating under consideration, a change in temperature 

of 100 K for additional 61 hours of thermal treatment meant that YSZ coating deposited 

from ethanol-based suspension did not engender phase instability. The kinetics of the 

phase transition therefore seems to favour the retention of the tetragonal phase at 

1000 °C but from 1100 °C upwards the monoclinic phase could be formed as in the 

case presented here and it could be cubic phase as reported for nano sized 

electrospun 8 wt. % YSZ fiber calcined at 1100 °C [258]. The accompanied phase 

transformation stress to the tetragonal to monoclinic transition in the topcoat 

contributed to the partial spallation of the topcoats.  The phase transformation stress 

is one of the of three stresses engendered by the deposition process; the remaining 

two are the quenching stress and the peening stress. 

6.5.4 Failure modes of the ceramic topcoats 

The failure of the ceramic topcoats in TBCs is often defined as when the topcoats get 

separated from the underlying bond coat. The spallation will be a function of one or 

combination of any of the TGO growth effect, the strain compliance of the topcoat 

microstructure and phase transformation stress. The two YAG coatings studied in this 

thesis might have failed due to reduced strain compliance, phase transformation stress 
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due to amorphous to crystalline transition and internal oxidation. The absence of 

vertical cracks and the reduced pore distribution in the SP-YAG reduces its strain 

compliance—a precondition for failure facilitated by microstructural make up of a 

coating. The SP–YAG also showed interfacial crack between the topcoat layer and the 

TGO layer; this interfacial crack must have developed with the driving force at the 

crack tip coming from the TGO growth rate. The failure mode seen in the SP-YAG 

sample matches the schematic in Figure 6-22(b). 

 

Figure 6-22: Schematic of the failure modes in the SP-YAG topcoat (a) before thermal cycling 

(b) after thermal cycling 

The S-YAG on the other hand has vertical cracks that could have ensured strain 

tolerance of the coating, but several horizontal micro cracks compromised the 

relevance of the vertical cracks. The failure of the S–YAG topcoat thus appears to 

have been from within the topcoat layer; the boundary of the topcoat with the TGO 

presented no visible micro crack that could have driving interfacial spallation; this 

failure mode matches the schematic in Figure 6-23(b). The T2–YSZ topcoat on the 

other hand has strain compliance feature linked to vertical cracks shown on its cross-

section. More than 80% of the YSZ topcoat was retained after the thermal cycle as 

against the less than 10% of the two YAG topcoats. The failure of the YSZ topcoat 

showed boundary cracks with the TGO in addition to the vertical and the horizontal 
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cracks within the topcoat itself; this again matches the failure schematic shown in 

Figure 6-22(a). That the boundary crack between the topcoat and the TGO is less 

pronounced compared to the horizontal crack within the topcoat suggested the TGO 

growth rate may be lower compared to the one found in the YAG topcoat TBC samples 

especially the SP–YAG. 

 

Figure 6-23: Schematic of the failure modes in the S-YAG topcoat (a) before thermal cycling 

(b) after thermal cycling 

The growth rate of the TGO can be linked to the eventual TGO thickness found in each 

of the TBC samples; the thickness of the TGO will also suggest how aluminium 

constituent of the bond coat get used [259]. The depletion of the aluminium contents 

of the bond coat of the TBC samples which initially have ~ 15.6 (atomic %) aluminium   

shows as ~8 µm TGO layer in the SP-YAG, ~3 µm in the S-YAG and ~5 µm in the T2–

YSZ TBC sample following the exposure of the bond coat surface to air after the 

topcoat failed during thermal cycling. The TGO layer could reach between 1 and 10 

µm in a TBC [6] but the ~8 µm TGO layer thickness in the SP-YAG exceeds the critical 

TGO thickness of ~6 µm suggested by Dong et al. [260]. The critical TGO thickness 

represents the thickness above which the TBC cyclic life could reduce rapidly. 

Contrary to this assertion, the failure of the YAG TBC samples studied in this thesis 
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proceeded from the spallation of the topcoats due their reduced strain tolerance. The 

spallation then allowed oxygen to reach the bond coat surface through the spallation 

sites to cause the growth of the TGO.  

6.5.5 Thermal conductivity 

The controlling features which drive the thermal conductivity mechanism in a ceramic 

topcoat are intrinsic to the material in question and the microstructural buildup of the 

coating. The thermal conductivity of YAG decreases with temperature based on either 

intrinsic phonon scattering which causes thermal conductivity to scale as inverse of 

temperature [146] or on engineered layered porosity termed inter-pass boundary (IPB) 

that impedes heat flow by prolonging heat conduction path in which case the porosity 

layers are positioned perpendicular to the direction of heat flow [145]. In the former 

case, Padture and Klemens [146] measured the thermal conductivity of dense YAG 

pellets; a 3.2 W/mK at 1000 °C meant ~ 63 % reduction from 8.7 W/mK at 23 °C. In 

the latter, the reduction in the thermal conductivity of SPPS YAG with light IPB from 

1.68 W/mK at room temperature to 0.95 W/mK at 1300 °C corresponds to ~ 43 % 

reduction. Differently, amorphous-crystalline transition could lead to increased thermal 

conductivity in the absence of defects. The formation of defects like grain boundaries, 

micro cracks, voids and atomic vacancies lowers thermal conductivity; the defects are 

additional scattering domains which raise the thermal resistance of the material [261].  

The three topcoats presented have varying microstructural defect concentrations with 

the YAG topcoats being predominantly amorphous in the as-sprayed form. The low 

thermal conductivity of the two YAG coatings showed at 25 °C, ~0.2 W/mK in SP-YAG 

and ~0.6 W/mK in S-YAG could be due to the large amorphocity in the two coatings: 

~90 % in SP-YAG and ~88 % in the S-YAG. The S-YAG possessed more features 
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that may have contributed to its reduced thermal conductivity; its many distributed 

micro cracks and voids will serve as extra scattering domains to raise its thermal 

resistance. The YSZ topcoat on the other hand only has its conductivity linkable to its 

microstructural build up; the controlling features were just the pores and the cracks 

which again were the scattering domains. Those were in addition to the intrinsic 

conductivity of YSZ as a ceramic material with high concentration of zero-dimension 

defects distributed through its crystal structure. The zero-dimension defects otherwise 

called the point defect in the YSZ structure exist as oxygen atoms and substitute solute 

atoms.  

The thickness of the topcoat is also significant to the measured thermal conductivity 

because laser flash technique takes the sample thickness into account as presented 

in sub-section 3.5.1. A thicker coating would have reduced thermal conductivity 

because it takes longer time for the temperature rise at the sample rear face to reach 

one-half of its maximum value. Although both coatings showed increased thermal 

conductivity at 1000 °C, the increment in the SP-YAG was ~78 % while the increment 

in the S-YAG was just ~ 19 %. More so, the fact that both coatings showed increased 

thermal conductivity as temperature increased could be attributed to the amorphous-

crystalline transition observed in the two coatings. Despite the thickness of the T2-

YSZ topcoat being intermediate between the SP–YAG and the S–YAG, it has ~2.0 

W/mK thermal conductivity at 1000°C which is three times its room temperature value. 

This observation shows that the T2–YSZ must have sintered to have reduced porosity 

as the temperature rose because the known thermal conductivity for a fully dense YSZ 

at high temperature reaches 2.3 W/mK at 1000°C for a fully dense YSZ with little or 

no scattering points than its intrinsic point defects [6].  
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Furthermore, the thickness of the topcoats relative to the thickness of the substrate 

will also have effect on the thermal conductivities that is calculated for the topcoats. 

R. E Taylor [154] reported that in layered thermal conductivity measurement approach, 

a ratio of 1:40 between the thickness of a topcoat and its underlying substrate could 

undermine the accuracy of the thermal conductivity of the topcoat significantly. The 

SP-YAG thickness ratio to the substrate showed 1:55, while the S-YAG thickness to 

its substrate was 1:8; for the T2-YSZ thickness to its substrate it was 1:19. The ratio 

for the SP-YAG suggested its thermal conductivity was inundated by the conductivity 

of the substrate while the duo of the S-YAG and the T2-YSZ on the other hand were 

less affected. A further check on the validity of the results is to calculate the ratio of 

the thermal conductivity of the substrate to that of the topcoat. A ratio of the order of 

10:1 meant the experiment was acceptable; the larger the ratio the better. The S-YAG 

and the T2-YSZ both showed reasonable compliance with a ratio in the range 17–25 

and 14–21 respectively; the SP-YAG value was in the range 29–70—see Figure 7-1 

in Appendix D. The SP-YAG value again appears to be outliers; the source of its errors 

has been mentioned earlier. However, all the topcoats satisfied the thermal resistance 

(see Equation 6.1) requirements for a valid measurement as given by the thermal 

diffusivity equipment manufacturer—NETZSCH Instruments (Selb, Germany). The 

thermal resistance of every layer in a multilayer sample must be at least 20 % of the 

total thermal resistance of the multilayer sample—see Figure 7-4 to 7-6 in Appendix 

D.  

𝑅 = = +  ------------------------------------------------------ Equation 6.1 
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Rth is the total thermal resistance of the composite (coating and substrate), t is the 

thickness of a layer while λth is thermal conductivity of a layer—c and s as subscript 

denotes coating and substrate.  

To summarize on YAG formation, the formation is influenced by both temperature and 

kinetics; ~ 20 minutes of heat treatment is sufficient to obtain crystalline YAG from 

amorphous YAG at 900–1000 °C. While thermal spray could produce crystalline YAG 

at much reduced time, the deposition process must be optimized to control the degree 

of crystallinity of coatings deposited by HVOF spray. A combination of spray parameter 

and deposition hardware modification might be the key. Bolelli et al. [21] showed that 

longer combustion chamber increased feedstock heating time; a modification of the 

fuel-oxygen mix to achieve lower thermal energy in the combustion chamber with 

increased length could produce YAG coatings with the right mix of amorphous, 

crystalline contents and microstructural defects. The coating so engineered is 

proposed to have a balance of structural integrity and thermal conductivity. 

6.6 Summary  

This chapter presents the results of the investigations on the SP-HVOF and SHVOF 

thermal spray of YAG topcoats compared to SHVOF sprayed YSZ. This is the first 

time YAG coating has been produced from suspension and solution precursor using 

HVOF spray technique. The as-sprayed and thermally cycled topcoats presents 

distinct microstructural evolution, which affects the performance of the respective 

topcoats; the following conclusions were drawn: 

 SP-HVOF spray of stoichiometric solution of nitrates of aluminium and yttrium 

produces YAG coating comparable in phase contents to the YAG coating 
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deposited from YAG suspension. Even though the SP–YAG coating exhibit 

reduced deposition efficiency, the challenge has been reported for other 

solution precursor thermal spray process. 

 The as-sprayed SP-YAG and S-YAG has multiple phases of hexagonal YAP, 

amorphous and cubic YAG in varying proportions, while the T2–YSZ has just 

the tetragonal zirconia phase. 

 The SP-YAG contains micro pores as its main defects, the S-YAG has vertical 

and horizontal micro cracks, pores and inter splat boundaries while the T2–YSZ 

only had pores and vertical micro cracks. The two YAG topcoats show less 

sintering effect unlike the T2–YSZ which was abinitio built from sintered 

particles. 

 The kinetics and thermodynamics of the thermal cycling favoured the 

transformation of amorphous YAG and hexagonal YAP to cubic YAG; the T2–

YSZ also retained most of the starting tetragonal phase after the thermal 

cycling. 

 The failure of the SP-YAG spans from the absence of strain compliance defects 

as vertical cracks while the S-YAG experienced failure within the topcoat due 

to the presence of horizontal cracks in its microstructure which compromise its 

strain tolerance. The T2–YSZ topcoat showed the most strain tolerance 

compared to the two YAG topcoats; that was due to its microstructural build-up. 

In addition to those, the three TBC samples experienced change in the 

chemistry of the underlying bond coat causing partial and total spallation, 

respectively.
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Conclusions and future work 

7.0 Conclusions 

The aim of the research work presented in this thesis was investigated under specific 

objectives built around (i) deposition of coatings from ceramic suspensions and 

solution precursor of inorganic salts using HVOF spray process, (ii) microstructure and 

mechanism of formation study and (iii) failure modes and performance evaluation. The 

findings from the investigations were then presented in three result chapters; the 

summary from the three result chapters is given in this section. 

γ–Al2O3 coating was successfully deposited from the suspension of delta–theta Al2O3 

processed with HVOF; the as-sprayed coating showed fully molten splats which 

predominantly contained amorphous Al2O3. Thermal treatment of the as-sprayed 

coating over different temperature ranges caused the γ–Al2O3 to partially transformed 

to become δ–Al2O3 (tetragonal). The observed transformation occurred through 

vacancy ordering and crystallite size refinement. Besides the phase transformation, 

the microhardness and the fracture toughness of the heat-treated coatings increased 

compared to the as–sprayed coating. It was demonstrated that the heat treatment of 

the coatings was only beneficial to the wear performances of the as-sprayed coating 

and the coating heat treated at 600 °C; the wear performance of the coating heat 

treated at 600 °C  were two order of magnitude better than the wear rate Al2O3 coatings 

produced from conventional α– Al2O3 suspension.  

Microstructure and coating formation mechanism was further investigated with Al2O3 

and YSZ suspension; it was demonstrated that the HVOF spray process is able to 

produce thick coatings from suspension feedstock. Particularly, the process was able 

to deposit Al2O3 coating of up to ~200 µm with suitable integrity. It was also shown 
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that the building blocks of coatings could be either splat/lamellae based if the starting 

material gets molten or sintered particles where the starting materials only get 

thermally softened. So, depending on the microstructural build-up of coatings, the 

residual stress behaviour of the coatings can be impacted.  

The residual stress of the Al2O3 and YSZ coatings was investigated using a 

combination of the time–of–flight (TOF) neutron diffraction, X–ray diffraction and the 

incremental hole–drilling techniques; the three techniques offered complimentary 

understanding of the residual stress behaviour of the coatings. The X–ray diffraction 

technique provided the surface stress needed to understand the immediate response 

of the coating to its functional environment. This is so in that X–ray diffraction 

technique collects data from the top surface of samples with reduced signal 

penetration compared to neutron diffraction and hole–drilling techniques. This further 

provides possible application for the X–ray diffraction technique to measure the stress 

state of the top surface of coatings meant for contact-based applications. This will 

provide pathway to understating the potential in-service failure modes of the coating.  

This thesis also showed that the through thickness residual stress in the studied 

coatings can be different in magnitude and nature away from the top surface towards 

the interface between the coating and the substrate. The lamellae based Al2O3 

coating, has been found to be mostly compressive through its thickness as against the 

YSZ coating with sintered particles which showed both tensile and compressive stress. 

Its compressive stress is the stress transformation stress obtained from the neutron 

diffraction measurements.  

This thesis also showed successful deposition of YAG coating (SP–YAG) topcoat 

using solution precursor made from inorganic nitrate salts; it was found that YAG 
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formed through combined endothermic and exothermic stages through the reaction 

stages at 900 °C. The SP–YAG was studied alongside another YAG coating (S–YAG) 

deposited from suspension which were then compared to SHVOF sprayed YSZ 

topcoat (T2–YSZ). This is the first time YAG coating has been produced from 

suspension and solution precursor using HVOF spray technique. The as-sprayed and 

thermally cycled topcoats presents distinct microstructural evolution, which affects the 

performance of the respective topcoats. Specifically, the as-sprayed SP-YAG and S-

YAG has hexagonal YAP, amorphous and cubic YAG in varying proportions, while the 

T2–YSZ had just the tetragonal zirconia phase. The kinetics and thermodynamics of 

the thermal cycling favoured the transformation of amorphous YAG and hexagonal 

YAP to cubic YAG; the T2–YSZ lost only 11% of the starting tetragonal phase after 

the thermal cycling. 

The SP-YAG contains micro pores as its main defects, the S-YAG has vertical and 

horizontal micro cracks, pores and inter splat boundaries while the T2–YSZ only had 

pores and vertical micro cracks. The thickness of the topcoats influenced the thermal 

conductivities of the respective samples; it was shown that a ratio of 1:55 between the 

SP-YAG topcoat and the substrate led to a disproportionate thermal conductivity 

result.   The thermal conductivity of the topcoats increased after the thermal cycling; 

for the two YAG topcoats, it did not exceed 1.1 W/m.K but the thermal conductivity of 

T2–YSZ increased up to ~2.0 W/m.K due to increased sintering effects as the T2-YSZ 

topcoat was initially built from sintered particles. 

The thermal cycling evaluation on the topcoats showed that the presence of pores 

alone was insufficient to guarantee strain tolerance in a topcoat. Coatings with vertical 

cracks without adjoining horizontal micro cracks performed better than a coating with 
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only pores or that shows vertical and horizontal micro cracks. That was why the T2–

YSZ topcoat showed the most strain tolerance compared to the two YAG topcoats. In 

addition to those, the three TBC samples experienced change in the chemistry of the 

underlying bond coat at the spallation sites on each of the topcoats. 

7.1 Future work  

The current work as presented in this thesis was focused on producing ceramic 

coatings and the performance of the produced coatings was evaluated for wear and 

thermal barrier applications. The microstructure of the as-sprayed coatings had high 

amorphous contents (80–90%) with the exception of the two YSZ coatings. It is now 

required to optimize the deposition process to ensure the higher crystallinity for the as-

sprayed coatings of Al2O3 and YAG deposited using the HVOF spray technique 

modified for the processing of suspension and the solution precursor. A more 

crystalline Al2O3 coating will find further applications for high temperature wear such 

that the coatings will not fail due to the stress transformation stress of amorphous to 

crystalline transition.  

The YSZ coating showed that coatings can be deposited without melting the particles; 

this observation can be taken forward to optimize the spray parameters that deposits 

Al2O3 coating and YAG coating from suspension with reduced melting or sintered 

particles. The delta-theta Al2O3 suspension can be used in this case to provide further 

insight into the wear performance of a coating containing metastable Al2O3 phases 

other than the usual gamma phase in as-sprayed Al2O3 coatings. Similar method can 

be developed to deposit crystalline YAG coatings built from sintered particles; this can 

eliminate the amorphous phase and the horizontal micro cracks in a bid to improve the 

thermal cycling life of the YAG coating.  
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Coatings from solution precursor can be further pursued for YAG and YSZ. For the 

solution precursor based YAG, this thesis showed that the YAG formation temperature 

(900 °C) is much less than the inflight temperature of the YAG particles (~1623 °C). 

So, a new deposition parameter can be implemented such as ensures the formation 

of YAG from the solution precursor but prevents the melting of the formed YAG 

particles. Not melting the formed particles will reduce the chance of forming 

amorphous YAG. Besides, the challenge of the reduced deposition efficiency in the 

YAG coating obtained from the solution precursor can be further looked into using 

higher concentration of the solution. The concentration can be increased with 

increasing the mass of salts dissolved per volume of the solvent; this will increase the 

number reacting ions to form the desired YAG. 

On the solution precursor YSZ, this will be aimed at producing nano fibre of 3 wt.% 

YSZ using combination electrospinning technique and calcination. The 3 wt.% YSZ 

has been reported to have improved fracture toughness [258]; it will be fascinating to 

study the properties of the elctrospun nano fibre YSZ for structural applications. The 

nanofibers can be used to create fibre reinforced composite topcoats. The composite 

can be developed with 8 wt.% YSZ matrix deposited from suspension; it can also be 

used to reinforce YAG matrix deposited from suspension YAG or from solution 

precursor. The composite will enhance the structural integrity of the composite topcoat 

for improved thermal cycling life; the mechanism for the enhanced structural integrity 

will be expected to be by crack bridging.  

The results from the residual stress work presented in this chapter provides that the 

X–ray diffraction technique can be used to ascertain the stress state of the top surface 

of a coating sample meant for contact applications such as wear. The through 
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thickness residual stress study will be useful in the further study of the ceramic 

topcoats presented in this thesis; this is to provide insight into the stress conditions of 

the entire topcoat layer. This will inform the decision on the possible failure modes of 

the topcoat hinged on the coating microstructure. 
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Appendix A 
Procedure to obtain the interplanar spacing required to calculate the residual strain 

used in the calculation of the residual stress presented in Chapter 5. 

1. Focus the data to be analysed using the command—w=xfocus(run number, 

bank number) then hit the enter key e.g., w=xfocus(274305, 1) 

2. Run the ‘analyze_scan’ command to obtain the range of time of flight (TOF) 

within which the required peaks fall. 

 

Figure 7-1: Analysed peaks of the SS304 and the alumina coating 
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Figure 7-2: Analysed peaks of the SS304 and the YSZ coating 

 

3. Implement the ‘analyze’ command to obtain the interplanar spacing for the 

specific peak to be used for the strain analysis. The interplanar spacing is 

displayed as the lattice parameters for a cubic structure as in the current case. 
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Appendix B 

Table 7-1: Diagnostic features of ceramic coatings 

 

 GTV Al2O3 SP-YAG S-YAG T2-YSZ 

 Temp 
(°C) 

V (m/s) 
Temp 
(°C) 

V(m/s) 
Temp 
(°C) 

V (m/s) Temp (°C) V (m/s) 

1.  2029.23 1005.48 1604.31 800.63 2186.40 985.00 2692.67 1222.54 
2.  2038.05 1044.82 1682.88 859.95 2205.98 978.46 2676.56 1149.86 
3.  2049.02 1076.86 1709.09 879.83 2203.68 968.21 2680.55 1144.34 
4.  2062.59 1098.83 1690.89 852.16 2198.50 957.09 2682.41 1146.16 
5.  2071.92 1113.42 1678.98 848.75 2191.01 941.51 2684.03 1147.44 
6.  2082.62 1121.53 1661.98 852.93 2190.79 938.60 2684.18 1151.39 
7.  2083.21 1126.08 1656.22 867.63 2185.33 948.71 2685.28 1156.90 
8.  2090.18 1126.87 1650.18 881.05 2183.76 944.11 2685.30 1154.18 
9.  2089.45 1124.00 1624.17 880.53 2175.90 954.84 2681.42 1157.25 
10.  2075.56 1117.36 1600.94 856.42 2155.68 947.19 2681.25 1156.29 
11.  2072.36 1107.19 1581.52 814.45 2150.83 934.88 2679.79 1155.74 
12.  2067.06 1096.91 1558.49 801.21 2154.12 928.48 2680.17 1154.79 
13.  2051.15 1080.56 1549.11 799.53 2120.93 914.37 2680.84 1150.16 
14.  2038.43 1043.19 1555.39 786.74 2116.10 909.51 2682.51 1150.26 
15.  2038.42 1009.28 1570.62 819.42 2086.56 899.68 2686.40 1151.87 
16.  2033.67 973.25 1591.81 850.33 2081.31 900.32 2688.42 1151.91 
17.  2033.45 933.53 1619.29 845.13 2073.12 897.51 2686.32 1150.82 
18.  2040.24 940.63 1625.82 868.79 2087.42 898.87 2687.11 1155.80 
19.  2035.48 943.13 1625.51 875.55 2087.11 898.63 2682.93 1158.95 
20.  2028.83 949.05 1622.94 873.60 2087.54 901.41 2680.65 1157.60 
21.  2011.46 955.35 1625.07 852.07 2092.34 903.16 2682.05 1160.37 
22.  2012.46 934.01 1622.60 845.44 2089.39 898.44 2683.57 1156.19 
23.  2015.19 887.97 1614.75 834.74 2064.60 896.35 2685.89 1157.91 
24.  2018.39 850.21 1584.68 825.56 2065.27 896.62 2685.98 1155.04 
25.  2021.22 812.58 1580.03 819.18 2071.29 918.06 2686.74 1154.16 
26.  2024.85 808.62 1556.81 842.89 2098.35 962.02 2683.78 1155.18 
27.  2036.96 856.48 1551.24 848.31 2132.59 995.45 2681.60 1155.17 
28.  2018.44 919.37 1556.78 836.02 2163.75 1031.21 2683.97 1149.68 

Average 2045.35 1002.02 1612.58 843.53 2132.13 933.88 2683.66 1156.00 
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Appendix C 

 

 

Figure 7-3: Schematic phase diagram for the Y2O3:Al2O3 system showing the three reported 

compounds, YAG, YAP and YAM together with the compositions whose structure were studied 

and summarized in Table 7-3 [147]. 
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Table 7-2: Phases detected by X-ray diffraction in melts of various compositions in the pseudo-

binary Y203 :Al2O3 system at room temperature, both in the as-crushed and heat-treated 

states, and at elevated temperature. The phases YAG, YAP and YAM are abbreviated to G, 

P and M respectively and the phases present are given in order of predominance [147]. 

Composition 

Y2O3:Al2O3 

Phases at room temperature 

Phases up to T°C As-

crushed 

Post anneal Anneal 

conditions 

YAG 37.5:62.5 G G 2h, 1600 °C G 1500 

1 45:55 G + P G + X + P (4 lines) 2h, 1600 °C G + P 1380 

YAP 50:50 P G + X +P 2h, 1600 °C P + G + (X) 1500 

2 55:45 P + M P + M + G (3 lines) 2h, 1600 °C P + M 1460 

3 60:40 M + P M + P + G (1 line) 2h, 1600 °C M + P 1500 

4 65:35 M + P M + P + G (1 line) 2h, 1600 °C M + P + G 1510 

YAM 66.7:33.3 M M + G + X (1 line) 2h, 1600 °C M + G 1500 

5 70:30 M + Y2O3 M 
19h, 1500 

°C 
M + Y2O3 1425 

6 75:25 M + Y2O3 M + Y2O3 
19h, 1500 

°C 
M + Y2O3 1525 
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Appendix D 

Table 7-3: Combined thermal conductivity of the topcoats on AISI 304 

Temperature (°C) 

 
SP-YAG+AISI304 

W/m*K 

S-YAG+AISI304 

W/m*K 

T2-YSZ+AISI304 

W/m*K 
AISI 304 

W/m*K 

25 15.036 6.747 4.271 7.572 

100 15.925 8.810 5.465 8.439 

200 17.224 10.322 6.223 9.946 

300 18.467 10.784 6.441 9.908 

400 19.911 12.378 7.178 11.093 

500 21.152 12.937 7.335 10.774 

600 23.330 14.251 8.042 12.207 

700 24.853 15.215 8.352 12.774 

800 25.768 16.741 9.268 13.145 

900 28.181 17.233 9.998 11.823 

1000 29.244 19.396 10.952 17.513 
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Figure 7-4: Plot of the ratio of the thermal conductivities of the individual topcoats to the 

thermal conductivity of the AISI304 substrate against temperature 

 

Figure 7-5: Plot of the % contribution  of each layer to the total thermal resistance in the 

composite of substrate and SP-YAG topcoat 

 



254 

 

 

Figure 7-6: Plot of the % contribution  of each layer to the total thermal resistance in the 

composite of substrate and S-YAG topcoat 

 

 

Figure 7-7: Plot of the % contribution  of each layer to the total thermal resistance in the 

composite of substrate and T2-YSZ topcoat 
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Table 7-4: 95 % Confidence level for mean of the data shown in Figure 4-12 

Samples KIC (MPam0.5) 

as-sprayed 0.32 

ht-600-6h 0.50 

ht-750-6h 0.51 

ht-750-48 1.75 

Table 7-5: 95 % Confidence level for mean of the data shown in Figure 4-13 

Samples SWR-1 (mm3/Nm) SWR-2 (mm3/Nm) 

as-sprayed 4.4478E-09 4.4337E-09 

ht-600-6h 1.1614E-09 1.2215E-09 

ht-750-6h 9.3927E-08 4.6895E-08 

ht-750-48 5.2054E-07 3.3562E-07 

Table 7-6: 95 % Confidence level for mean of the data shown in Figure 5-8 

Depth Nanohardness (GPa) Elastic modulus (GPa) 

30 5.74 57.34 

60 8.55 83.36 

90 4.55 60.26 

120 5.87 80.80 

150 5.64 59.25 

180 4.58 53.65 
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Table 7-7: 95 % Confidence level for mean of the data shown in Figure 5-9 

Depth Microhardness (GPa) 

15 0.84 

60 0.62 

110 1.17 

Table 7-8: 95 % Confidence level for mean of the data shown in Figure 5-10 

Depth 
Nanohardness 
(GPa) 

Elastic modulus 
(GPa) 

15 4.83 67.55 

30 3.35 61.20 

45 2.99 63.72 

60 0.81 10.29 

75 2.35 20.10 

90 3.11 42.11 

Table 7-9: 95 % Confidence level for mean of the data shown in Figure 5-11 

Depth Nanohardness (GPa) 

20 0.54 

40 1.24 

80 0.74 

Table 7-10: 95 % Confidence level for mean of the data shown in Figure 6-17 

Samples Conductivity (W/m*K) 

SP-YAG 0.15 

S-YAG 0.22 

T2-YSZ 0.23 
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