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 Populärvetenskaplig Sammanfattning  

Nyckelord: Kraftgenererande gasturbiner; Gasturbiner för flygmotorer; Termiska 

värmebarriärskikt; Plasmasprutning; Suspensionsplasmasprutning; 

Värmeledningsförmåga; Termisk utmattning; Termochock testning 

Termiska barriärbeläggningar (TBC s) används för att ge både värmeisolering och 

oxidationsskydd för olika gasturbinkomponenter som utsätts för höga 

temperaturer. Utvecklingen av gasturbiner både för kraftgenererings- och 

flygapplikationer har lett till konstruktioner där driftsförhållandena överskrider 

gränserna för de flesta konventionella konstruktionsmaterial. Det har därmed 

funnits en drivkraft att utveckla värmebarriärbeläggningar som möjliggöra en 

högre driftstemperatur. Fokus i denna avhandling har varit att skapa nya 

värmebarriärbeläggningar med lägre värmeledningsförmåga och längre livslängd 

än de beläggningar som används inom industrin idag. Arbetet har genomförts i 

två delar. Den första delen har ägnats åt värmebarriärbeläggningar för 

kraftgenererande applikationer. Beläggningarna har i denna del produceras med 

hjälp av atmosfärisk plasmasprutning (APS). Den andra delen av arbetet har 

dedikerats åt beläggningar både för industriella gasturbiner och för 

flygmotorkomponenter. Beläggningarna har i denna del skapats med 

suspensionsplasmasprutning (SPS). 

Rutten som vidtagits för att kunna uppnå målen avseende låg värmeisolering och 

livslängd hos beläggningarna har varit tvåfaldig. För det första har ett alternativt 

stabiliseringsmaterial valts för zirkoniumoxidsystemet i form av Dysprosiumoxid. 

För det andra har tillsatsmaterialets (pulvrets) morfologi inklusive 

processparametrar varierats för att skapa beläggningar med gynnsam porositet i 

sin mikrostruktur. 

Suspensionssprutning som har tillämpats i andra delen av arbetet är en ny teknik 

för vilken processparametrar och tillsatsmaterial ännu inte är kända. Fokus i 

arbetet har här därför varit att karakterisera beläggningarnas livslängd och 

termiska egenskaper som funktion av olika processparametrar och tillsatsmaterial. 

Resultaten från arbetet visar att dysprosiumoxid som alternativ stabilisator ger en 

minskad värmeledningsförmåga. Skillnaden i värmeledningsförmåga är liten vid 

rumstemperatur med bli signifikant vid höga temperaturer och vid längre 

driftstider. Dock tyder resultaten på att materialstabiliteten minskar vid mycket 

höga driftstemperaturer. Vägen där porositeten i det keramiska skikten 

förändrades, för t skapa signifikant lägre värmeledningsförmåga, visade sig ännu 

mer framgångsrik. 
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När det gäller beläggningarnas livslängd, visade det sig att, jämfört med dagens 

industristandard, kan en dubbelt så lång termisk utmattningslivslängd uppnås 

genom att optimera porositeten i beläggningen. Den önskvärda porositeten kunde 

dels åstadkommas genom att tillsätta en polymer till tillsatsmaterialet. Polymeren 

skapar här globulära porer i kombination med delamineringar, en mikrostruktur 

som visade sig mycket motståndskraftig mot termisk utmattning.  

Suspensionsprutade beläggningar visade sig ha signifikant bättre egenskaper både 

avseende värmeledningsförmåga och termisk utmattning.  Kolumnära 

mikrostrukturer kunde åstadkommas med hjälp av denna sprutteknik. Denna typ 

av mikrostruktur kan möjliggöra sprutning av töjningsresistenta beläggningar i 

framtidens i gasturbinmotorer. 
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Abstract 

Title: Design of Thermal Barrier Coatings 

Keywords: Industrial Gas Turbine; Aero Turbine; Thermal Barrier Coating; 

Atmospheric Plasma Spraying; Suspension Plasma Spraying; Thermal 

Conductivity; Thermo-cyclic fatigue; Thermal Shock  

ISBN: 978-91-977943-9-8 

Thermal barrier coatings (TBC’s) are used to provide both thermal insulation and 

oxidation protection to high temperature components within gas turbines. The 

development of turbines for power generation and aviation has led to designs 

where the operation conditions exceed the upper limits of most conventional 

engineering materials. As a result there has been a drive to improve thermal barrier 

coatings to allow the turbine to operate at higher temperatures for longer. 

The focus of this thesis has been to design thermal barrier coatings with lower 

conductivity and longer lifetime than those coatings used in industry today. The 

work has been divided between the development of new generation air plasma 

spray (APS) TBC coatings for industrial gas turbines and the development of 

suspension plasma spray (SPS) TBC systems.  

The route taken to achieve these goals with APS TBC’s has been twofold. Firstly 

an alternative stabiliser has been chosen for the zirconium oxide system in the 

form of dysprosia. Secondly, control of the powder morphology and spray 

parameters has been used to generate coating microstructures with favourable 

levels of porosity. 

In terms of development of SPS TBC systems, these coatings are relatively new 

with many of the critical coating parameters not yet known. The focus of the work 

has therefore been to characterise their lifetime and thermal properties when 

produced in a complete TBC system. 

Results demonstrate that dysprosia as an alternative stabiliser gives a reduction in 

thermal conductivity. While small at room temperature and in the as produced 

state; the influence becomes more pronounced at high temperatures and with 

longer thermal exposure time. The trade-off for this lowered thermal conductivity 

may be in the loss of high temperature stability. Overall, the greatest sustained 

influence on thermal conductivity has been from creating coatings with high levels 

of porosity. 
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In relation to lifetime, double the thermo-cyclic fatigue (TCF) life relative to the 

industrial standard was achieved using a coating with engineered porosity. 

Introducing a polymer to the spray powder helps to generate large globular pores 

within the coating together with a large number of delaminations. Such a structure 

was shown to be highly resistant to TCF testing. 

SPS TBC’s were shown to have much greater performance relative to their APS 

counterparts in thermal shock life, TCF life and thermal conductivity. Columnar 

SPS coatings are a prospective alternative for strain tolerant coatings in gas turbine 

engines.  
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1. Objective of the Work 

The work presented in this thesis has a definite division into two parts. First is 

the work on the development of conventional APS ceramics and their 

accompanying bond coat systems for the industrial gas turbine (IGT) industry. 

The second part has been the development of the emerging suspension plasma 

spray (SPS) technique for use in TBC production. 

The overall objective of the work has been to understand the microstructural 

features within a coating, how they affect the thermal properties and lifetime of a 

coating. Secondly, to utilise this knowledge together with the control of 

production parameters (process, powder morphology) in order to generate a 

beneficial microstructure.  

As a TBC is exposed to high temperature conditions, how does the structure of 

the coating change due to sintering and how will this impact thermal properties? 

Although only small changes have been made in terms of coating chemistry, it is 

of interest to understand the impact it has on evolution of thermal properties with 

time. 

In the case of SPS, the objective has been to understand the performance of these 

new coatings and how their production requirements differ to APS. Some 

preliminary work has been done to begin tailoring the SPS coatings to work better 

as a complete TBC system. This work should act as the foundation for further 

development of SPS TBC’s for possible replacement of EB-PVD coatings. 

The scope can be described by the following research questions:- 

1- How will high purity powder chemistry and the use of dysprosia as an alternate 

stabiliser to yttria affect the thermo-physical properties and the lifetime of the 

coatings? 

2- How does the microstructure of the coating change due to sintering and how 

does the sintering impact thermo-physical properties? 

3- How can a beneficial microstructure with enhanced thermo-physical properties 

be created through control of production parameters (process, powder 

morphology)? 

4- How can the microstructure of SPS coating can be tailored by manipulation of 

process parameters to generate columnar microstructures?   
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1.1. Industrial Context 

As stated in the introduction, the drive from industry is to increase the thermal 

efficiency of their gas turbines. By increasing efficiency the turbine will generate 

greater power for its size and consume less fuel in doing so. Thermal barrier 

coatings are now used extensively in both the aero and industrial gas turbines in 

order to improve performance. While it has become an established technology, 

there remain a number of obstacles to complete utilisation of TBC’s and their 

future development. The present problems are due to limited lifetime and limited 

upper operating temperature limits. 

Industrial demands for next generation TBC’s are for greater lifetime than those 

currently in production. In the case of industrial gas turbines, a 40 000 hour 

service life is desired. Added to this would be increased thermal insulation in order 

to exploit either higher temperatures (within the limits of YSZ) or lower 

component cooling in order to increase efficiency. 

The interest in SPS as an application technique for TBC’s may come from their 

performance being similar to that of EB-PVD. Where presently there are only a 

handful of industrial EB-PVD coating facilities across the world. If SPS was 

selected for turbine coatings, there is a potential for many more centres that are 

capable of producing the coatings. The reduction in cost and greater availability 

may allow more components to be coated that aren’t presently due to poor 

economy.  
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1.2.  Scope and limitations 

The study has also been limited to materials (stabilisers), powder morphologies 

and production techniques that are close to becoming industrially implemented. 

There are alternate possibilities for these that would achieve the same results. 

There are also methods available that may even surpass the results shown here, 

but as yet they are not at the same level of maturity.  

A number of factors that can influence thermal properties such as radiation 

reflectance and the effect of fine scale pores and grain boundaries has not been 

investigated or exploited during this work. 

Sample testing has been limited also to isothermal and thermal cycling tests. While 

these can give good indications of performance, they do not subject test samples 

to truly realistic conditions.   

As discussed previously, SPS is a promising development in the field of thermal 

spray for the production of strain tolerant ceramic structures for TBC 

applications. Fully industrialised spray systems have only just been offered on the 

market. Most of the research institutes have been working with home-made 

delivery systems. 

The work presented in the appended papers concentrates on coatings produced 

using two of the available spray systems presently offered as industrial systems. 

Presently much is still not known about the optimal performance of such 

coatings.   

Development was focused on producing strain tolerant TBC systems either with 

vertically cracked structures or columnar structures as suitable replacements for 

EB-PVD or APS-DVC systems in use today.  

Some element of bond coat development has been considered for an SPS TBC 

system. The APS standard has been used along with the competing HVOF 

process for coating deposition. Also the introduction of the HVAF system for 

production of a bond coat for SPS has been presented. 
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2. Introduction- Thermal Barrier coatings 

Thermal barrier coatings (TBC) have now been used extensively in the gas turbine 

industry for over 30 years. TBC’s are used in hot section components of the 

engine; these include the combustor, turbine inlet guide vanes, turbine blades, 

turbine stator blades and afterburners. Areas coated with a TBC can be seen in 

figure 1:   

 

 

The function of a TBC system is to allow higher temperature operating conditions 

than would be allowed by the metals used to make the engine [1].   

Gas turbines operate under the Brayton cycle. The efficiency can be described by 

the following formula: 

𝜂 = 1 −
𝑇1

𝑇2
 = 1 − (

𝑃1

𝑃2
)

(𝛾−1) 𝛾⁄

  

(1) 

Where η is the efficiency, T1 is the inlet temperature, T2 is the outlet temperature. 

P1 is the inlet pressure, P2 is outlet pressure and γ is the heat capacity ratio of the 

working fluid. Overall efficiency of the turbine will increase if the pressure ratio 

is increased, as shown in figure 2:  

Figure 1: Cross-section of RM-12 engine, courtesy of GKN Aerospace Systems 

 Combustor Turbine Afterburner 
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However, a consequence of increasing the pressure ratio is a higher compressor 

outlet temperature, leading to higher turbine temperatures. It can be seen that 

higher turbine temperatures will also raise the efficiency of the process combined 

with an increased specific power output. The trend in both aero turbines and 

industrial power turbines is a need for greater efficiency and specific power. The 

main barrier to this upward trend has been the development of materials capable 

of withstanding the increased turbine inlet temperatures required. TBC’s have 

allowed an increase in turbine inlet temperature to a level beyond the softening 

point of the metal alloys used to construct the engine.  Figure 3 shows the 

development of turbine materials maximum operating temperature with time. 

Components have developed from simple forged and wrought components in 

the 40’s, to modern single crystal turbine blades [2].  Present developments of 

single crystal nickel alloy blades with film and internal cooling have reached the 

limit of capability. There are presently no immediate replacements for the nickel 

blades used in the high pressure turbine section, though a number of composite 

(SiC-SiC) and intermetallic (Nb-Si, Mo-Si, Ti-Al) options are under development 
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[3]. While the intermetallic titanium aluminide has begun to be used for low 

pressure turbine blades in the GenX and F-119 engines; operation at higher 

temperatures will require oxidation protection and possibly thermal protection[3] 

[4] [5]. Most of the future growth in engine operating temperature will require 

thermal barrier coatings with higher levels of performance. 

TBC’s were first used towards the end of the 50’s as protection on duct work and 

rocket nozzles within experimental projects at NASA. By the 1970’s, the first TBC 

with the familiar structure appeared on sheet metal components within gas 

turbines. TBC’s began first in military service but progressed to civilian engines 

around the mid to late 70’s. By the early 80’s, companies were generating long 

term lifetime data for TBC’s [6] [7] under service conditions. By the 21st century, 

thermal barrier coatings have become integral to almost every modern aero 

turbine and stationary gas turbine produced.  

 

Thermal Barrier Coatings 

Wrought materials 

Conventionally Cast 

materials 

Directionally Solidified 

Single Crystal 

Figure 3: Development of upper operating limit of turbine materials with time. Adapted 
from Stöver et al. [2] 
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TBC’s consist of at least three component layers; a diagram of a TBC system is 

shown in figure 4. The first layer is the bond coat applied onto the base 

component. An intermediate layer is formed during operation called the thermally 

grown oxide (TGO). The final layer is the ceramic top coat that provides the 

operating temperature increase.  The ceramic material chosen has a very low 

thermal conductivity allowing up to 200K temperature drop across the coating 

[1]. Thicknesses for a bond coat can be in the range 100-200µm with a ceramic 

top coat layer of between 200µm and 1.5mm.  

 

2.1. TBC operating conditions 

To operate effectively, a TBC needs a heat sink on the component side. This is 

commonly air cooling (at 400-600°C) from the compressor stage. Cooling is 

required to set up a thermal gradient in order to exploit the insulating effect of 

the system. At peak power a TBC may have a ceramic surface temperature around 

1200°C with a bond coat temperature in the region 950-1050°C. Civilian aero-

turbines are operated at peak power for short periods during take-off and landing. 

A military engine may experience higher temperatures during combat. An 

Figure 4: Diagram of a TBC system with temperature drop illustrated across the coating 
cross-section 

Combustion
Gas

YPSZ 
Ceramic

Bond coat Component

Cooling
Airflow

ΔT
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industrial gas turbine by comparison normally runs at slightly lower temperatures 

but for many months rather than hours [8]. 

A thermal barrier coating may be used in a number of different components 

within an engine. A combustor component will experience mainly thermal load 

whereas a coated turbine blade may experience centripetal loading from rotation 

as well as thermal load. The result of having different components within different 

types of engine mean there is no single TBC system suitable for all situations; it 

must be tailored to meet specific requirements in each case.  

2.2.  Bond coat 

The bond coat provides a number of functions to the system: 

 Improved adhesion between the top coat and the substrate 

 Reduction in the interface stress due to the mismatch in thermal 

expansion coefficients between top coat and substrate component 

 Protection of the substrate from oxidation and corrosion by the 

formation of a slow growing thermally grown oxide (TGO) 

Bond coats are commonly of two types. Diffusion based aluminide coatings or 

MCrAlY (Metal-Chromium-Aluminium-Yttrium) overlay coatings [9].  The M 

can be Iron, Cobalt, nickel or a mixture of more than one element. Present 

standard coatings are mixtures of nickel and cobalt depending on the 

environmental requirements.  High nickel content coatings are more suitable for 

oxidation resistance and high cobalt content suitable for high corrosion 

environments. The quality and rate of oxidation of the bond coat is arguably the 

limiting factor in the total TBC lifetime [10]. This will be discussed in more depth 

later. 
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2.3.  Top coat 

The ceramic top coat is the component which gives a TBC system its thermal 

insulation properties.  The choice of material for the ceramic layer is determined 

by a number of factors: 

 Low thermal conductivity to prevent heat transfer to the component 

from the combustion gas 

 High thermal expansion coefficient to allow the ceramic to expand and 

contract with the component without cracking  

 Phase stability at high temperatures to prevent any changes in volume 

that would cause failure 

Over the course of development, 6-8% yttria partially stabilised zirconia (YSZ) 

has become the material of choice for this application [1]. The reason for the 

choice has been its combination of properties. This material is used due to its 

relatively high coefficient of thermal expansion and very low thermal conductivity 

of around 2.25 W m-1 K-1  in bulk form and the region of 1 W m-1 K-1  for a 

standard TBC coating. YSZ is also stable up to 1200°C [9][11]. 

The addition of a rare earth element, yttrium, to the zirconium oxide is required 

to stabilise the tetragonal prime phase of zirconia [3]. If stabilisation was not 

achieved there would be a high temperature (900°C) phase change of the zirconia 

on cooling with the appearance of increased monoclinic phase. The phase change 

is accompanied by a 4% volume change that would result in cracking and failure 

of the coating [11][12].  A content of 6% wt yttria is the minimum required weight 

fraction in order to partially stabilise the tetragonal phase of zirconia.  
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The common usage of 6-8% yttrium has come about as a product of lifecycle 

testing. While 6% is the minimum required for stabilisation as discussed earlier; 

higher fractions of yttria have been used in the past. Figure 5 illustrates the effect 

of yttria content on the stable phase present within the YSZ.  If the weight 

fraction is pushed to 18% then the YSZ will be completely cubic at all temperature 

ranges. In fact such compositions were tried during the 1980’s due to their lower 

thermal conductivity than 8% YSZ. However, it was discovered that higher yttria 

content negatively impacted the cyclic lifetime of the coatings and that 6-8% gave 

the best compromise in properties [1] [13]. 

YSZ was chosen as a TBC material due to its low conductivity. The addition of 

substitute cations to zirconia lowers the thermal conductivity of the resulting 

ceramic. Incorporation of cations leads to a great increase in the number of 

oxygen vacancies within the ceramic. These vacancies act as phonon scattering 

centres in the crystal lattice, lowering the thermal conductivity of the material [14]. 

This reduction is proportional to the amount of substitute cations added to the 

ceramic 

Figure 5: Yttria/Zirconia phase diagram 
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It has also been discovered that the reduction in thermal conductivity is 

proportional to the difference in the ionic radius between the zirconum ions and 

the substitute ions. By adding cations with larger ionic radius, thermal 

conductivity is reduced [14]. Commonly this substitution is done using other rare 

earth elements. Coatings have been produced with zirconium doped with erbium, 

dysprosium, hafnium and gadolinium oxides amongst others [9].  

Another characteristic of YSZ is that it is very efficient at transportation of oxygen 

at high temperatures due to the large number of oxygen vacancies. This 

transparency to oxygen in the environment is perhaps the greatest problem with 

the use of YSZ for TBC’s. The zirconia top coat layer is unable to provide any 

barrier to the oxidation of the metal underneath [15]. While this weakness has 

been countered by the development of bond-coats with higher and higher 

oxidation resistance; this fundamental problem means the YSZ layer often never 

achieves its maximum lifetime due to failure of the bond coat. 

2.3.1. Advanced Ceramics for TBC applications 

Despite its universal usage, YSZ has an upper limitation on its operating 

temperature. Above 1200°C 6-8% YSZ loses phase stability and sintering of the 

ceramic becomes severe [11], [16]. With the demand for ever greater operating 

temperatures within the turbine, there has been a research effort made to look for 

a material that can operate at higher temperatures. There are a number of possible 

alternate materials available that could be used as a TBC top coat. Generally, these 

materials may improve on YSZ in one or two areas but are critically deficient in 

another [17]. This has led to the development of a number of dual layer systems 

to incorporate the benefits of two ceramics in the same coating. In this case the 

YSZ is used as an inter-layer between the bond coat and a low conductivity 

ceramic layer applied above.  

Further doping of YSZ ceramics has led to so called ‘Defect Cluster’ coatings 

where doping includes more than one rare earth oxide. In this case, the reduction 

is believed to be due to cations clustering on the nano-scale, enhancing the 

phonon scattering effect [9]. 

An alternate approach has involved the study of pyrochlore oxides (A2B2O7), 

primarily zirconates doped with other rare earth oxides [9].  An example of such 

a composition is gadolinium zirconate. It has been shown that co-doping of rare 

earth elements on the A site also reduces thermal conductivity in the same manner 
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as ‘defect cluster’ coatings in YSZ [18] [19]. A problem relating to these materials 

is its incompatibility with the thermally grown oxide layer formed during service. 

This problem has led to these coatings to be used in a dual layer system with a 

standard YSZ layer between bond coat and the pyrochlore [10]. 

The magnetoplumbite oxides have also been considered as possible high 

temperature TBC materials [20]. The magnetoplumbite structure comprises of 

LnMAl11O19, where Ln=lanthanide element such as gadolinium and M=Mg, Mn 

or Zn. This family of oxides exhibit the preference for plate-like structures on 

crystallisation that leads to generation of porosity within a coating. An additional 

effect is that these oxides are very resistant to sintering due to low rates of ionic 

diffusion [20], [21]. 

2.3.2. Environmental Barrier Coatings 

Environmental barrier coatings (EBC) are in many ways a development of the 

traditional thermal barrier coating, though with the primary focus to isolate the 

component from its environment. With the need to continue to increase 

combustion temperatures, it is envisaged that intermetallic and ceramic composite 

materials will displace metals for high temperature components [3]. However, 

early experience has shown that many of these possible replacements also suffer 

from issues of thermal shock and degradation due to their operating environment. 

Hence an environmental barrier coating is required for operation.   

The greatest problem in the case of silicate based ceramics and composites is the 

rapid degradation of the components in the presence of water vapour [22]. As 

there is a large quantity of water vapour generated during combustion of jet fuel 

within a gas turbine, water vapour degradation is a major obstacle for the 

implementation of silicate based components. Solutions to this issue have been 

to coat silicate based ceramics with mullite (Al6Si2O13), mullite/YSZ or mullite 

with barium–strontium aluminosilicate (BSAS:- BaO-SrO-Al2O3-SiO2)[22] [23].  

EBC’s, while an active area of future research; will not be discussed further in this 

thesis.  

 

 



14 
 

 

2.4.  Production Methods 

The two prevalent methods for production of a topcoat layer are the thermal 

spray process and electron beam physical vapour deposition (EB-PVD). A 

number of other methods are available but have not yet become accepted 

industrial methods. 

Each of the processes produces very different and distinct microstructures; each 

has its advantages and disadvantages. The remainder of this report will be 

concerned with the thermal spray process. EB-PVD will not be discussed further. 
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3. Thermal Spraying 

3.1. Background 

Thermal spray comprises a number of methods used to deposit coatings onto 

various supporting structures. The coating feedstock material is fed into the spray 

'gun' by a controlled feed system. The coating material may be metallic or non-

metallic and come in the form of a rod, wire, powder or solution. The guns energy 

source heats the injected coating material to a semi-molten or molten state. 

Droplets or particles of coating material are accelerated towards the substrate by 

exhaust gasses from the energy process or by a separate gas jet. The particles 

solidify rapidly on contact with the substrate surface, forming a strong bond. 

Further impact of droplets or 'splats' build up the coating to the required 

thickness. Any material can be used to produce a coating provided it does not 

decompose on heating in the gun [24]. A schematic of the type of structure built 

up by thermal spray is shown in figure 6.  

Figure 6- Schematic of a generic thermal spray coating during spraying 

Figure 6: Schematic of a thermal Spray Coating 
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Thermally sprayed coatings show common microstructural characteristics. The 

build-up of the coating through successive 'splat' impacts with the surface 

produces a lamellar structure, with individual splats forming the lamella as they 

cool. If the cooling rate is sufficiently high, columnar grains will grow within the 

splat. The process does not produce a perfect coating; oxides formed on the 

surface of a molten droplet will become inclusions in the coating along with un-

melted particles. As a general rule the inclusion of oxides, unmelted particles and 

foreign objects is detrimental to coating properties. 

The thermal spray process can be used to produce coatings without significant 

heat transfer to the component. This avoids thermal distortion and possible 

damage to heat sensitive components. Coatings can be stripped if damaged and 

re-sprayed. The disadvantage of thermal spray is that it is a line-of-sight technique; 

certain component geometries will be difficult if not impossible to coat in a 

satisfactory manner. 

Thermal spray comprises a number of possible methods for application. The 

methods vary in the source of heat and the method for accelerating the material 

to the surface. The principles for each are roughly the same. 

3.2.  Plasma Spraying   

The plasma spray process derives its heat source and particle acceleration from a 

plasma jet. The jet is generated in a gas stream containing a mix of gasses 

(hydrogen, argon, nitrogen, helium) using a high frequency direct current. An 

electrical arc is struck between an anode and cathode within the gun. The plasma 

forming gas flowing past this arc is heated to the point where electrons are 

stripped from the gas atoms and plasma is formed. This plasma is accelerated out 

of the gun nozzle. Powder material for coating is injected into the plasma jet to 

form a coating on the substrate. The figure below shows a cross-section of a 

typical plasma spray gun.  

Plasma spraying is the primary method in which thermal spray TBC's are 

produced. The temperature of the plasma can vary from 6000°C to 15000°C and 

the velocity of the particles can be up to 1500m/s, depending on the process 
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parameters and gasses used [24]. The powder feedstock is injected into the plasma 

where it becomes molten; droplets of material are then accelerated towards the 

substrate by the plasma jet exiting the spray gun. This process can be carried out 

in a normal atmosphere, in which case the process is termed Atmospheric Plasma 

Spray (APS). The spray process can also be carried out in a controlled 

environment; in this case the process is termed Vacuum Plasma Spray (VPS) or 

Low Pressure Plasma Spray (LPPS). Carrying out the spray procedure under a 

controlled environment can improve coating quality by excluding oxygen. 

However, these processes add additional expense due to the environmental 

handling equipment and longer process times.  

Figure 7: Schematic of a single anode/single cathode DC plasma torch, reproduced 
by permission of Sulzer Metco AG 
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Figure 8: Micrograph of a plasma sprayed TBC system on Hastelloy X substrate 
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A scanning electron microscope (SEM) image of a typical thermal spray TBC 

system is shown in figure 8.   

It can be observed that a standard TBC contains a fair volume of open space or 

porosity (black regions within the coating). This porosity is characteristic to many 

thermal spray coatings and is beneficial to the performance of a TBC. Thermal 

spray TBC’s commonly have a thermal conductivity around 1 W m-1 K-1 

compared to more than double for the bulk material. The porosity created during 

spraying enhances the thermal insulation of the coating and also increases its 

strain tolerance [25]. 

3.2.1. Suspension Plasma Spraying 

A more recent development of plasma spray technology is the use of a liquid 

based feedstock rather than the more traditional dry powder. The development 

of liquid based spraying came about as a solution to a limitation of conventional 

powder spraying. Powders below 5 microns in size become extremely difficult, if 

not impossible to feed and inject into a plasma torch [26]. Development of nano-

structured materials led to the desire to retain such fine scale features in a thermal 

spray coating. However spraying of nano-powder is almost impossible and 

agglomerated nano-particles retain very little of their original structure after spray 

processing [27] [28]. 

The solution to this issue was to disperse the nano or sub-micrometric powder in 

a liquid media to create a suspension. The suspension can then be transported 

and injected into the plasma torch with far fewer problems than with fine powder 

spraying [26]. Suspensions are either water based or alcohol (ethanol) based. 

An additional method for production of fine scale coatings is to use a solution 

precursor in place of a suspension. In this case a solution made of nitrates or 

chlorides is oxidised in flight; forming an oxide particle that impacts the substrate 

surface [26].  
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3.3.  Flame Spraying 

The flame spray process uses the combustion of fuel to create a flame and thus 

the heat source and accelerating force for the deposition process. Flame 

temperature is controlled by the mix of fuel gasses and oxygen.  

The most recent advance in flame spraying has been High Velocity Oxy-Fuel 

(HVOF) and High Velocity Air-Fuel spraying. In these processes a fuel (either 

liquid or gas) is mixed with oxygen (or air) in a combustion chamber. The mix is 

ignited and the combustion gasses are accelerated down a long convergent- 

divergent nozzle. The nozzle design creates a supersonic combustion jet into 

which powder can be injected. 

The benefits of this process are that the process temperature is reasonable but the 

particle velocity on impact is very high. The resultant coatings are generally very 

dense, adherent and contain few oxides. These processes are suited to spraying 

high quality metallic coatings as well as cermets [24]. The quality of the coatings 

makes them very attractive as an application method for a bond coat within a 

TBC system. 



20 
 

 



21 
 

 

4. Spray Process Characteristics and 
Microstructure 

The following section will deal with process characteristics for thermal spray 

processing, primarily focused on air plasma spraying of powder and plasma 

spraying of suspension. It is of particular importance to deal with process 

characteristics as they control the coating structure and its final properties in 

service. 

4.1.  Powder Spray Process Characteristics 

To produce a coating with the desired properties for an application requires 

control of not only the coating chemistry, but also its structure. Coating 

microstructure is controlled by the processing variables during spraying of the 

coating. Figure 9 displays some of the process variables in a thermal spray process: 

 

A requirement for specific physical properties means there is often a desired 

structure for the coating. The microstructure that forms during spraying is 

controlled by the complete history of the powder particles used; from production, 

 

Spray Gun 

 Powder properties 

 Injection properties 

 Surface treatment 

 Surface temperature 

 Particle Velocity 

 Particle Temperature 

 Particle impact parameters 

 Splat cooling rate 

 Power level 

 Gas parameters 

 Energy type 

 Gas Composition 

Figure 9: Thermal Spray process variables 
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though in-flight conditions to eventual impact on the substrate [24]. By 

controlling the process variables shown above, the particle history can be 

controlled and the desired coating properties achieved through a designed 

microstructure.  

4.1.1. Powder Characteristics 

Aside from spray parameters, coating microstructure can be tailored by the use of 

different powder morphologies and size distributions. The standard powder for 

production of TBC ceramics is an agglomerated and sintered (A&S) powder. A&S 

powder is created by agglomeration of smaller particulates followed by a sintering 

treatment to consolidate the agglomerates. This treatment results in roughly 

globular particles containing some level of porosity [24].  

Figure 10 demonstrates the morphology of A&S powder together with a 

magnified view that shows the primary particulates in the surface of the powder 

particle. Coatings produced from A&S powder can have porosity in the range 7-

15%, but occasionally as high as 25%. Coating porosity ultimately depends on the 

processing parameters for spraying.  

 

Figure 10: SEM images of Agglomerated and Sintered (A&S) powder at low and high 
magnification 
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A newer development is the homogenised oven spherodised powder (HOSP), 

or plasma spherodised powder. Such powder is formed by passing an 

agglomerated and sintered powder through a heat source (usually a plasma gun) 

in order to melt the outer layers of material. HOSP powder particles are shown 

in figure 12.  

It can be observed the smooth outer shell formed due to melting. However the 

right most image displays their hollow nature and presence of smaller primary 

particulates within the shell. HOSP powder was designed to lower the thermal 

conductivity of the coating by generating greater amounts of delaminations. The 

powder is produced via a spray drying and heat treatment route. Powder particles 

are practically spherical and are easy to feed in the spray system. The large internal 

porosity within the particles generates the delaminations that are more effective 

at blocking heat transfer due to their high aspect ratio [29][30]. However the trade 

Figure 11: SEM images of plasma spherodised (HOSP) powder at low and high 
magnification 

Figure 12: SEM images of Fused and Crushed (F&C) powder at low and high 
magnification 
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off with this type of coating has been poorer behaviour in thermal shock testing. 

A third type of powder that is used for production of TBC systems is Fused and 

Crushed (F&C) material as shown in figure 12. As the name suggests, fused and 

crushed material is produced by fusing together the raw oxides followed by a 

crushing step to break up the larger pieces. In reality the material can be ‘crushed’ 

using a variety of methods in order to create finer particles. The powder is then 

sieved to the required size fraction as with other powders. Compared to HOSP 

and A&S powders, F&C powders are very angular in shape. This can negatively 

affect the flowability of the powder during spraying. However its dense nature 

and fine size makes it suitable for production of dense coatings. 

A second approach to engineer coating porosity has been to add material into the 

powder stream to generate porosity. This has been done in the past to produce 

abradable coatings with very high porosity levels; however, by tuning the process 

it is possible to create a coating that has porosity in the higher range (>20%) for 

a conventional TBC application. By adding a polymer to the powder, large pores 

are generated within the microstructure. On heat treatment (or first heat cycling 

of an engine), this polymer oxidises and pores are left behind. A micrograph of 

such a TBC system can be seen in figure 13: 

 

The advantage of a pore forming powder is the generation of large pores as seen 

in figure 13. This can provide increased insulating properties to the coating while 

Figure 13: TBC coating produced with a pore former 
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maintaining cohesion within the coating. In comparison to conventional routes 

to produce high porosity coatings; coatings formed from powders containing a 

pore former are able to maintain high deposition efficiencies and layer thickness 

per torch pass. In conventional high porosity ceramic coatings, the deposition 

efficiency is commonly sacrificed in order to achieve the desired porosity level.  

An additional advantage is that porosity formers are able to achieve higher levels 

of porosity required for abradable ceramic applications where conventional APS 

ceramics would lose their cohesive properties. 

4.1.2. Radial versus Axial Injection 

The feature of most plasma spray systems and several HVOF systems is that 

powder is fed into the heat source radially; perpendicular to the torch axis. This 

has a strong effect on the treatment of the particles during the in-flight stage. As 

all thermal spray powders contain particles with a distribution of sizes, there will 

also be a distribution of masses for powder particles. For radial injection this 

will affect the trajectory the particles take through the heat source before 

reaching the substrate as demonstrated in figure 14.  

 Small particles may not penetrate the plasma at all or pass only through 

the periphery. 

 Medium sized particles may enter the plasma core and become fully 

treated. 

 Large particles may pass through the plasma and become imbedded in 

the coating as un-molten particles due to poor thermal treatment. 

Figure 14: Schematic of powder particle trajectories 
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Assuming that the goal is to have all of the particles well treated; the trajectory 

the particles take during deposition should be controlled. This can be done via 

fine tuning of powder carrier gas flow rate, injector size and angle for a specific 

plasma condition and powder [31].  

The basic mechanism to control the trajectory ‘spread’ during spraying is to use 

powders with a narrow particle size distribution. This lessens the range of 

trajectories due to smaller variation in particle mass.   

In axial spraying there is no issue of trajectory as particles are injected parallel to 

the spray direction. For HVOF and HVAF systems powder size distribution still 

has an influence as the time of flight (time for heating and acceleration) is short. 

Too large a distribution in powder size will result in particles that have different 

degrees of heating and acceleration during the inflight stage, leading to more 

variable coating deposition conditions.  

4.1.3. Particle In-flight Conditions 

If it is assumed that powder injection is optimal; the coating produced during 

deposition will depend greatly on particle heating in-flight and its velocity on 

impact with the substrate. These are in turn controlled by the plasma jet 

properties. While complex, a number of the most important factors have been 

summarised in literature [31], [32]. 

 Arc Root Current - Increased current increases plasma jet enthalpy and 

velocity. The result is a large increase in velocity and modest increase in 

temperature for injected particles 

 Hydrogen Content – higher hydrogen content increases heat transfer to 

particles due to higher plasma thermal conductivity. Hydrogen has an 

added advantage in that it can have a reducing effect on particles in flight.  

 Helium Content – Adding helium increases plasma viscosity, reduces 

cooling of the plasma jet through mixing with the surrounding 

atmosphere (pumping effect). This allows particles to maintain 

temperature for longer in the jet. 

 Nozzle Size – larger plasma jet nozzle leads to drop in jet velocity and 

reduced pumping. This will give slower particle speeds but increase 

temperatures. 
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 Gas flow level- increased total gas flow will increase jet velocity and 

therefore particle velocity. However, higher jet velocity increases the 

pumping effect leading to a drop in jet and therefore particle temperature.  

 Stand-off Distance- Essentially the chosen impact distance for the spray 

particles from the gun. Change in the distance influences the particle 

temperature and velocity at impact and therefore, coating properties. 

Overall a balance of parameters must be chosen in order to give the correct 

particle treatment and desired deposition conditions. 

When plasma spraying ceramics for TBC systems, the aim may be to achieve 

either a porous or dense structure. These contrasting coating demands require 

different processing parameters. For porous coatings the aim is generally to 

achieve sufficient temperature and velocity in flight that particles are partially 

molten and arrive with slow velocity in order to maximise stacking defects.  

Dense coatings generally require high particle temperatures and velocities in order 

to have liquid particles on impact with sufficient momentum to fill any defects in 

the layer below.    

Plasma spraying of metals may be undertaken in a controlled atmosphere in the 

case of VPS or LPPS spraying or performed under normal atmospheric 

conditions. For atmospheric spraying (APS), the process conditions can be critical 

to maintaining a coating with the required properties. Metallic powders tend to 

oxidise in flight due to reaction with oxygen in the atmosphere. It is therefore 

often the goal to minimise in-flight oxidation of the particles to keep the oxide 

content of the resulting coating low. Particles require sufficient heat input during 

flight in order to be fully molten on impact; thus improving bonding between 

splats and reducing porosity.  Velocities are generally slower than for HVOF 

though should be kept high in order to minimise flight time and generate compact 

coatings.  
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HVOF/HVAF Process Characteristics 

 

In combustion spraying the process parameters are somewhat different to plasma 

spraying, though similarly there are a number of key factors that greatly influence 

the deposited coatings [33].  

 Air (Oxygen)/Fuel ratio –varies the flame in the oxidising, stoichiometric 

or reducing regimes. This in turn influences flame temperature and 

therefore particle temperature. 

 Fuel type – combustion fuels can have different burning characteristics 

and therefore influence the flame temperature. This then influences the 

particle temperature during spraying. 

 Total Gas flow – gas flow will influence particle velocity due to increase 

flame velocity.  

 Stand-off Distance – As with plasma systems, the choice of stand-off 

distance influences the particle temperature and velocity at impact. 

Due to the much shorter flight time of a particle during HVOF or HVAF 

spraying, oxidation of the particles becomes less of an issue relative to APS. 

Particles are given enough heat in order to be semi-molten or softened. Particle 

velocity should remain high in order to have sufficient impact energy for particle 

deformation and good packing.
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4.2. Suspension/Solution Precursor Plasma Spray 
Process Characteristics 

Coating microstructure and properties formed by SPS or SPPS production are a 

direct result of particle in-flight treatment by the plasma jet.  The in-flight 

characteristics are in turn influenced by the suspension or solution properties and 

how they are introduced into the plasma jet. 

4.2.1. Suspensions versus solutions 

Like the control of powder characteristics in conventional plasma spraying, 

control of the suspension or solution parameters is important for processing of 

SPS and SPPS coatings. Production of suspensions is a science in itself and only 

the basic principles will be touched on here. Suspensions are prepared by 

dispersing very fine particulates in a dispersion medium that is generally alcohol 

or water based. In order to make the suspension stable and usable for spraying 

and storage; a number of additional elements may be added to the carrier fluid in 

order to prevent agglomeration of the particles and settling out of suspension. 

Dispersant agents are generally added to maintain suspension stability [27]. 

Solution precursors are different to suspensions in that the precursor materials 

are completely dissolved in the solvent medium and do not exist in a solid state. 

Normally the precursors take the form of salts such as nitrates, chlorides, acetates, 

isoprop-oxides, with other combinations possible [26] [27].  

Commonly suspensions or solutions are held in a storage tank with a stirrer before 

and during spraying. Stirring is important for suspensions that show settling 

behaviour, where stirring the tank keeps the suspension fully mixed. Pumping 

from the tank to the torch should be done in such a way that a stable flow is 

generated. Industrial systems rely on peristaltic pumps with dampers to remove 

pressure fluctuations. The result is a fluid pumped at constant pressure and flow 

rate. Assuming stable suspension supply to the plasma torch, the following stages 

must be considered:- 

1. Injection of the suspension or solution into the plasma stream 

2. Atomisation or fragmentation of the suspension 

3. Vaporisation of liquid carrier 

4. Melting of particulates or agglomerates 

5. Possible evaporation  
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6. Deposition 

4.2.2. Injection of fluids  

Injection of the suspension into the plasma jet is critical to the processing of SPS 

and SPPS coatings. The injection step has a great influence on the size of the 

droplets and their trajectory in the plasma stream.  

Injection influenced by:- 

 Injector type 

 Stream size due to orifice size 

 Orientation of the stream relative to the plasma flow 

Injection of a suspension or solution can be done using either an atomising 

injector or a mechanical injector. In the case of mechanical or stream injection, 

the plasma jet itself performs the latter step of break-up of the liquid stream into 

smaller droplets [27]. With an atomising injector this is done before the 

suspension enters the plasma jet.   

After leaving the injector the suspension first undergoes break-up of the 

suspension stream, so called primary break-up, once in contact with the plasma 

jet (if this has not been performed by the injector) [27]. Stream fragmentation 

occurs far more rapidly than vaporisation of the carrier fluid; therefore we must 

first consider the fragmentation or atomisation process [34]. Injection of the 

suspension or solution may be done radially or axially in the spray torch. As with 

powder injection; radial injection presents some additional concerns with the 

treatment of the liquid droplets in flight. The suspension stream must have 

sufficient pressure in order to penetrate into the plasma stream [27]. 

Any fluctuation or disturbance may adversely affect the injection process. 

Fazilleau et al. recorded the influence of plasma fluctuations in the injection of 

suspension streams in a conventional short arc F4 type plasma torch [34].  Such 

fluctuations will result in unstable injection, particle treatment and inconsistent 

coating results. It is proposed that more recent cascade type plasma guns, with 

their higher stability; may give more stable injection and therefore more even 

particle treatment [35]. 
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4.2.3. Atomisation 

Full fragmentation or atomisation into droplets in the plasma stream is driven by 

a balance between two different driving forces. The drag force in plasma generates 

a shear force on the droplet, thus trying to disintegrate the droplet further. This 

drag effect is countered by the suspension properties, primarily the surface 

tension, that tries to prevent further break-up. Fazilleau et al. modelled droplet 

break-up during SPS processing and derived the following formula [34]:- 

𝑑𝑑 =  
8𝜎

𝐶𝐷𝜌𝑢2     (2) 

Where dd is the droplet diameter produced due to atomisation. CD is the drag 

coefficient of the droplet (essentially the drag coefficient of a sphere). σ is the 

surface tension of the fluid. Density of the plasma is represented by ρ and plasma 

stream velocity is represented by u. The equation suggests that in order to 

generate smaller droplets, the surface tension of the suspension/solution should 

be reduced. Alternatively the plasma density or velocity must be increased. An 

important term not incorporated here is the suspension viscosity. Higher viscosity 

in the suspension also acts to prevent particle break-up [36].  

When considering the factors for atomisation that can be influenced; surface 

tension and viscosity are controlling factors. Surface tension is dependent 

primarily on the solvent used and is not easily modified. Water based suspensions 

display higher surface tension than alcohol based suspensions, resulting larger 

atomised droplets [36]. Viscosity of the suspension is dependent on the 

suspension concentration level and particulate size [27][36]. Viscosity is somewhat 

easier to modify by the use of plasticisers to lower suspension viscosity. The 

remaining factors that can be controlled are related to conditions of the plasma 

jet itself. Higher plasma density and faster plasma velocity will decrease the size 

of the atomised particles. These factors may be altered by changes to the plasma 

gun hardware, plasma gas composition, flow rate and arc current.  

4.2.4. In-Flight Behaviour and Plasma Conditions 

During the in-flight phase of spraying, the atomised droplets are heated and 

accelerated towards the substrate as with conventional powder spraying. 

Additional important stages occur when spraying with a liquid passed system in 

that the carrier liquid must be evaporated in order to generate a solid particle 
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suitable for deposition. Thermal energy used to vaporise the carrier fluid cools 

the plasma jet. A cooler plasma jet may result in incomplete melting of the 

particulates; therefore the operating conditions for SPS tend to require higher 

energy settings in order to compensate for this effect. This effect is amplified 

when water is used as a carrier fluid rather than ethanol as water requires 3.2x 

more energy for vaporisation [34]. 

Atomised droplets are heated and accelerated towards the substrate during their 

time in the plasma stream; this happening concurrently with vaporisation of the 

carrier fluid. Droplet velocity is therefore influenced by plasma jet conditions and 

may therefore be altered by changes in nozzle geometry, gas composition, gas 

flow rates and arc current [37].  

After all of the carrier fluid has been evaporated, individual particles or 

agglomerates are heated in flight. The degree of particle heating can be influenced 

by plasma gas composition and total power level [37][38]. Thus influencing the 

proportion of un-melted particles, fully molten droplets and evaporated material 

present in the spray plume is influenced [38].  

Due to the much smaller size of the particles produced by the SPS process and 

consequently their more rapid loss in both momentum and temperature after 

treatment in the plasma or flame; SPS is performed with much shorter deposition 

(spray) distances than conventional APS or HVOF processes [35].  Often half the 

distance or less compared to conventional powder spraying. 

In-flight diagnostics are somewhat more difficult with SPS spraying due to the 

size of the individual particles. Generally in-flight data can be obtained for the 

plume itself and may only be in the form of speed or velocity. Conventional plume 

measurement technologies have been used to characterise both speed and 

temperature [37]–[39]. Shadography techniques have been used successfully to 

visualise the injection of the suspension stream into the plasma and possibly 

measure droplet velocities [27], [34], [35]. Such techniques have been particularly 

useful to improve suspension injection conditions.  
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4.2.5. Coating Deposition 

Coating build up is thought to occur in a different manner compared to 

conventional APS spraying.  Fragmentation during the injection stage generally 

results in very small droplets on the order of microns in size. Due to their small 

mass these particles are influenced by the plasma flow far more than for large 

particles. As the plasma jet contacts the substrate being coated, it changes 

direction, flowing across the surface. Sufficiently small particles will be influenced 

by this change in plasma flow direction; resulting in significant velocity parallel to 

the substrate surface.  Berhaus et al. simulated the influence of plasma direction 

changes on particle velocities [37].  

Figure 15: Velocity of particles close to the substrate during SPS deposition. Adapted 
from Berghaus et al [37] 
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As demonstrated in figure 15, particles smaller than 5 µm will begin to show some 

velocity component parallel to the substrate as they follow the plasma flow. As 

the size drops below 1 µm, the particles may have significant velocity normal to 

the substrate surface before deposition. Deposition occurs finally when the 

particles reach the substrate surface, though smaller particles approach at a 

relatively shallow angle.  

The change in trajectory for particles according to their size and the resulting 

approach angle gives rise to different deposition characteristics compared to 

conventional APS. VanEvery et al. proposed 3 modes or types of deposition 

dependant on the size of the in-flight particles [40]:-  

 Type 1 coatings: - Formed when particles are very small and there is 

significant change in particle trajectory.  These fine particles follow the 

plasma flow across the surface for some distance before impacting and 

adhering to asperities on the surface. Subsequent deposition occurs on 

the asperities that build in height with each subsequent pass of the plasma 

Figure 16: Three types of SPS deposition morphology. Adapted from 
VanEvery et al. 
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torch. This type of deposition results in columnar structures within the 

coating. 

 Type 2 coatings- formed where particles are of intermediate size (mass) 

and therefore show some influence of the plasma flow change. This 

results in a columnar/vertical cracked structure. 

 Type 3 coatings- where particles are of sufficient size that there is 

minimal change in particle trajectory. Larger particles, due to their 

momentum are not affected by change in gas flow direction close to the 

substrate tend to behave much like traditional molten powder particles 

and impact the surface directly. This results in a layered structure that 

may exhibit cracking. 

Due to the influence of plasma flow on particle trajectories; it is feasible to control 

the microstructure of an SPS coating by manipulating the suspension properties, 

injection conditions and in-flight conditions.  

An additional factor or influence on coating microstructure may be in the 

topography of the substrate being coated. Since deposition is highly dependent 

on contact with surface asperities (especially for small droplet sizes); modification 

of the surface topography of the substrate may influence the microstructure 

generated during spraying
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4.3.  Microstructure and properties 

As stated previously, coating chemistry only provides part of the coatings final 

characteristics. Microstructure (controlled via process parameters) provides most 

of the coating properties. Controlled microstructure and therefore engineered 

properties are extremely important to both TBC ceramics and to bond coats. 

Each will be dealt with in turn. 

4.3.1. Air Plasma Spray Ceramic Coating features 

The porosity present in a TBC topcoat provides the system with two important 

features. Firstly, the presence of pores acts to enhance the low thermal 

conductivity of the coating. Secondly, the network of pores acts to lower the 

stiffness of the layer, thus, allowing some compliance when the coating is exposed 

to cyclic heating. The primary function of the ceramic top coat is to provide 

thermal insulation; therefore the microstructure is created in order to maximise 

this property. However, the requirement to withstand thermal cycling stress will 

often result in a compromise in order to gain the best coating. Common features 

of a ceramic coating are shown in figure 17: 

 

Standard features of a ceramic coating mostly consist of porosity of various 

forms:  

 

Globular 

pores 

Cracks 

Delaminations 

Fine scale 

pores 

Figure 17: SEM micrograph of a ceramic coating with key features highlighted 
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 Globular pores: produced by lower temperature or velocity parameters. 

Can provide the bulk of the porosity within the coating. 

 Fine scale pores: formed due to small gas bubbles between splats or gas 

voids within a powder particle that survives the spray process.  

 Delaminations: formed when an impacting splat does not bond well to 

the surface below.  

 Cracks: formed on cooling of the splats. 

4.3.2. Suspension plasma spray coatings 

Suspension plasma sprayed coatings can have a somewhat different structure to 

conventional APS coatings. This difference is a result of the reduced scale of the 

impacting droplets and their trajectory as discussed above. On the macro-scale, 

coatings may exhibit different types of microstructures that include large vertical 

cracks or columnar structures with inter-columnar spaces as shown in figure 18. 

At a smaller scale, coatings contain porosity that is often most obvious in bands 

within the structure representing the transition between passes of the spray gun 

past the sample during deposition. The inter-pass layers forming then from 

Figure 18: Microstructure of a cracked-columnar (Type 2) 
SPS TBC system 
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particles from the plasma plume periphery rather than the core. A representative 

microstructure is displayed in figure 19. 

Vertical cracks/column spacing within the coating provide enhanced strain 

tolerance like the vertical cracks in a DVC coating. The fine scale porosity 

contributes to reduction in thermal conductivity of the coating 

Figure 19: SPS microstructure with vertical crack and inter-
pass porosity bands 

Figure 20: High magnification micrograph of SPS splat structure. 
The dotted lines represent the boundaries between splats. 
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A fracture surface is partially visible in figure 20. It can be observed that at much 

higher magnifications, coatings produced by SPS are still formed from splats as 

with conventional APS. In the case of SPS the splats may be on the order of 1 

µm or less in thickness, depending on the size of the droplets generated in-flight.   

4.3.3. Thermal Properties 

A porous topcoat can be considered a composite of poorly bonded high aspect 

ratio lamellae and gas filled pores. Due to this structure, the coating does not 

conduct heat like fully dense YPSZ.  The presence of pores and microcracks 

between lamellae reduce the thermal conductivity of the topcoat as they show 

poor conductivity in comparison to the bulk.  

Clyne et al [41] have suggested a simple model for the heat flow through a TBC 

system. Transfer of heat through the topcoat is made up of three components: 

 Phonon conduction through the bulk 

 Molecular collision conduction through the gas filled pores 

 Radiant heat transfer. 

For conduction of heat within the bulk material, thermal conductivity of the 

coating is related to the conductivity of dense YPSZ. The level of doping of the 

zirconia has a large impact on the thermal conductivity. At 8wt% yttrium, a typical 

dense YPSZ layer will exhibit a conductivity of around 2.25 W m-1 K-1 [41]; the 

yttrium atoms generating vacancies that act to scatter phonons [14]. It is 

important to note that the 'bulk' material considered in this model is an individual 

lamella 'splat'. The splat may itself contain imperfections such as grain boundaries 

and cracks that may reduce the conductivity of the individual splat further due to 

interfacial or Kapitza resistance [42]. It is known that grain boundaries also 

enhance the scattering of phonons; decreasing the grain size into the nano-scale 

will drastically reduce the thermal conductivity of the bulk material. If the spacing 

of interfaces within the coating are smaller than the mean free path of the 

phonons travelling though the coating, there will be substantial disruption to the 

movement of photons [43] [44].  

Conduction of heat across the pores and cracks within the topcoat occurs through 

the collision of gas molecules within the pores. Convection of gasses within pores 

can be considered to be ineffective due to the very small pore size. Thermal 
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conductivity of gasses such as air is significantly less than that of a solid; thermal 

conductivity of still air at standard conditions is around 0.02 W m-1 K-1 [9]. It is 

important to point out that during service the pores in a TBC topcoat will be filled 

with combustion gasses at pressures up to 40 atm [45]. At such high pressures the 

conductivity of the pores is larger than at one atmosphere; however, it is still much 

less than that of the 'bulk' solid. The effect of gas pressure on thermal conductivity 

measurement can become important if the testing conditions differ from service 

conditions.  

The effect of radiant heat transport on the total thermal conductivity of the 

topcoat layer is only pronounced at temperatures greater than 1000K [45]. Due 

to zirconia’s transparency to light with wavelengths below 6µm, a significant 

portion of the infra-red radiation can pass though the coating [10]. Radiation can 

play a significant part in the total heat flow experienced at turbine operating 

temperatures; engineering a coating with higher reflectance will increase the 

insulating effect of the TBC system [46]. However, it may be beneficial to control 

reflectivity to enable high reflectivity in areas that experience high radiative 

heating (combustion chamber and inlet vanes); in areas dominated by convective 

heating (turbine blades and vanes), low reflectivity coatings would be used [47].  

Porosity and interfaces once again play an important part in controlling the level 

of radiant heat flow as interfaces within the coating (pores, micro-cracks, 

discontinuities and grain boundaries) tend to scatter radiant heat as it travels 

through the lamellae.       

4.3.4. Mechanical properties 

The presence of a crack network within the coating provides the coating with a 

high strain tolerance relative to a dense ceramic body. The topcoat can be 

imagined as a loosely bonded network of lamellar 'splats'. If a stress is applied to 

the coating due to thermal expansion mismatch; the topcoat is able to expand as 

microcracks open or contract under stress [48]. The greater compliance of the 

porous, cracked coating produces a high strain tolerance that would not be 

possible in a fully dense material.   

The presence of porosity and a microcrack network are of great importance to 

the operational properties of a TBC system. Degradation in these properties 

would result in a coating that performed poorly as a thermal barrier and would 

be sensitive to stress. 
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Coatings designed for thermal shock performance and possible high centripetal 

loading such as blades and vanes, tend to be designed with different structural 

features compared to other coatings 

Coatings developed for thermal shock performance with conventional APS 

equipment have favoured a structure known as dense vertically cracked (DVC) 

[49][50]. An example of which can be seen in figure 21. Deposition of a DVC 

coating can be done in several ways but generally involves hot processing 

conditions [51][52][53]. The hot deposition conditions lead to well bonded splats 

that shrink significantly on cooling. This shrinkage generates vertical cracks as a 

way to release stress. Cracks within deposited layers propagate through 

subsequent layers leading to vertical cracks that run through most of the coating 

cross section [49].  

Vertical cracks within the coating structure help to accommodate stress due to 

rapid heating and cooling. The trade-off for such a coating is that they tend to 

contain little porosity and therefore exhibit high thermal conductivity relative to 

their porous counterparts [54].  

 

Figure 21: Micrograph of a segmented or dense vertically cracked TBC 
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SPS coatings generate vertically cracked or columnar structures with the correct 

processing conditions, as shown in figure 22. Due to the way in which the coatings 

are formed, these columns are minimally bonded to their neighbouring columns. 

This allows the coating to expand, contract and flex during thermal transients or 

loading far more than a continuous coating. 

Figure 22: Micrograph of a columnar (Type 1) SPS coating 
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5. High Temperature Effects 

During lifetime service a TBC system may experience many operational cycles. A 

cycle begins on start-up of the gas turbine where the components are at the same 

temperature as its surroundings. The compressor and turbine are spun-up to 

speed and the combustion process is started. At this point combustion gas from 

the combustion chamber is forced through the turbine section to drive the 

compressor. The combustion gas comes into contact with the components coated 

with the TBC system; these components experience rapid heating up to the idle 

temperature of the turbine. Rapid heating introduces stress into dis-similar 

components (i.e. TBC) due to the differences in coefficient of thermal expansion 

between materials. A similar situation is set up when the engine is shut down.   

The hot section components will reach an equilibrium temperature due to the 

presence of air cooling within the components, TBC system and hot gas. This 

essentially sets up a thermal gradient across the coating system. In this situation 

there is stress induced in the coating due to the varying temperature and difference 

in thermal expansion. The conditions can become more extreme during high 

power events such as take-off and landing where the engine is required to produce 

maximum thrust. The lifetime of a TBC is dominated by a steady state situation 

under a thermal gradient with intermittent rapid heating and cooling periods.  

5.1.1. Sintering 

The exposure of a thermal barrier coating to high temperatures during its service 

life can lead to sintering within the coating. Sintering is defined by the Oxford 

English dictionary as “causing a material to coalesce by heating, without melting.” 

The effect is widely known in both the ceramic and powder metallurgy fields as 

the mechanism by which a 'green' component becomes dense, shrinking and 

losing porosity in the process. In a 'green' component the structure consists of a 

compacted powder that contains a lot of porosity; an as-produced TBC topcoat 

can be considered to be similar in that it contains porosity in the form of voids 

and micro-cracks. Sintering occurs at a high temperature but below the melting 

temperature of the material so no liquid phases are present.  
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Contact points between powder particles form necks during the early stages of 

sintering. The contact point forms a grain boundary within the neck. A pore will 

be formed by the void space between particles. Over time the pore will shrink in 

size and become more spherical in shape. The driving force for this 

transformation is due to the surface energy of the pore; a sphere having the lowest 

surface area and hence surface energy for a three dimensional shape. Forming of 

a grain boundary at the neck requires less energy than to maintain the surface of 

the pore, there is therefore a driving force for pore shrinkage and formation of 

grain boundary.  Sintering is able to occur due to the mass transport of material 

at high temperature due to atomic diffusion. As this process is controlled by 

diffusion of material, it will be dependent on time and temperature (as it is a 

thermally activated process). In a simplified form the flux of material diffusing in 

a single direction can be expressed by Flicks first law (3): 

𝐽 =  −𝐷
𝛿𝐶

𝛿𝑥
    (3) 

Where J is the material flux, D is the diffusion coefficient, x is the distance and C 

is concentration. Diffusion coefficient can be seen to be temperature dependant 

from the following formula (4): 

𝐷 = 𝐷𝑜 𝑒𝑥𝑝 (
−𝑞

𝑅𝑇
)    (4) 

Where Do is the maximum diffusion coefficient, R is the gas constant, T is 

temperature in Kelvin, q is the activation energy for diffusion. 

As discussed earlier, the structure of an APS topcoat layer contains a high content 

of micro-cracks and porosity. Under service conditions the structure can undergo 

sintering in a similar manner to a ‘green’ ceramic component. In the ceramic, 

contact regions are at points of good adhesion between adjacent impact 'splats'. 

The pores in the coating are generally of a highly irregular shape, often having a 

high aspect ratio; as such these pores will have a high surface energy associated 

with them. During thermal exposure under operational conditions, the driving 

force will attempt to reduce the surface energy of the pores by shape change and 

shrinkage. This effect will begin with the micro-cracks as these can be considered 

as pores with extremely high aspect ratios; this has been termed micro-crack 

'healing'. Cernuschi et al [48] confirmed micro-crack healing in an APS TBC at 

sintering times of less than 10 hours. The effect will be prominent on smaller 
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pores as less time will be required for materials transport. Sintering has been 

suggested to take place in two stages [48]: 

 Stage one is active over short time frames and involves the healing of 

micro-cracks within the coating. Healing of these cracks is thought to be 

possible at temperatures as low as 900°C. 

 Stage two is dominated by pore shape change and shrinkage over longer 

time periods. Cernuschi et al [48] suggest this stage requires temperatures 

in the region 1200-1300°C.  

The sintering effect in a TBC topcoat is dependent on the conditions under which 

it is exposed to heat. In service the coating is attached to a component, subjected 

to a thermal gradient and combustion gas environment under high pressure. 

Research groups that have assessed sintering effects on TBC topcoats have 

studied the topcoat free standing (without substrate and bond coat) [48][55] or as 

a layered system. The method of heat treatment can also vary; some samples are 

treated under a thermal gradient [56] or have been heat treated isothermally [48]. 

The way in which a TBC sample is heat treated can affect the sintering activity 

and hence the results of any investigation. Coatings that are heat treated while 

attached to their substrate experience a higher stress than free standing coatings 

due to the bond coat constraining the topcoat layer [48]. Higher stress is known 

to inhibit the sintering effect as the stress in the coating will nucleate and open 

cracks within the structure. The same is true of a coating treated under a thermal 

gradient [56]. The mismatch strain in the coating due to the thermal gradient will 

hinder the sintering process leading to a lower apparent sintering rate.   

The effect of sintering on coating microstructure is the 'healing' of microcracks, 

shape change and shrinkage of the pores. This change will have an effect on the 

mechanical and thermal properties of the coating. The healing of microcracks will 

produce a structure with greater cohesion due to the improved inter-splat 

bonding. The resulting coating will have a higher stiffness than the as-produced 

material with a reduced strain tolerance. A consequence of improved inter-splat 

bonding is crack propagation through adjacent splats becomes far easier.  A 

reduction in porosity will result in a change in the thermal conductivity of the 
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coating due to the contribution of the pores to the low thermal conductivity 

[57][45]. The microstructural changes of sintering can be seen in figure 23. 

  

Fine scale features present in the as-sprayed structure such as fine cracks and 

delaminations sinter after thermal exposure, leaving a chain of spherical pores 

where once there was a crack. 

5.1.2. Grain growth 

An additional mechanism that takes place at the same high temperatures is grain 

growth within the coating. Grain growth occurs due to similar driving forces as 

with sintering. Grain boundaries are regions of disorder within the material. Such 

disordered surfaces have high surface energies associated to them. The driving 

force is therefore to reduce the amount of grain boundary area in order to reduce 

the energy within the system. Grain growth is a temperature dependant process, 

as such, the rate of grain growth increases as temperature increases. 

As grains grow within a TBC at high temperature, the grain boundaries that 

previously provided some element of phonon and photon scattering within the 

Figure 23: As-produced and heat treated YSZ microstructure 
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coating disappear. This leads to an increase in the thermal conductivity of the 

ceramic.  

Figure 24 shows a comparison between splats within an as-sprayed microstructure 

relative to those from a thermally treated sample. It can be observed that the 

grains within the thermally exposed splat have grown in size. After heat treatment, 

some of the interfaces within the coating have now been lost, leading to a change 

in thermal and mechanical properties.  

The overall result of high temperature exposure is a TBC that gradually 

deteriorates in both its thermal and mechanical properties. Coatings becoming 

poorer at blocking the conduction of heat to the underlying component and less 

tolerant of imposed stresses. The consequences can be a barrier coating that 

allows more heat to be absorbed by the substrate component than was 

anticipated; this can lead to faster degradation times of hot section components. 

Higher degradation rates lead to higher maintenance costs for the engine 

operator. In a worst case scenario the TBC may fail and 'spall' off in places; this 

will produce hot spots on the underlying component and can lead to more rapid 

failure of the component. Sintering of the topcoat is considered as one of the 

primary causes for TBC failure along with stress imposed by bond coat oxidation; 

as a result it is presently an area of active research.  

Figure 24: Fracture surfaces of as-produced and 200 hours heat treated YSZ coatings 
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5.1.3. How to limit sintering 

As discussed previously, the pore size and shape has an impact on the sintering 

rate of a coating. However, manipulation of microstructure in order to control 

this is rather limited. There are ways to minimise the sintering rate by control of 

the coating chemistry. 

Research by Paul et al [58] suggests that the choice of dopant for zirconia may 

also impact the sintering rate by control of the localised diffusion rate. It may 

therefore be possible to choose a doping element that would give low thermal 

conductivity and low sintering rate. An added benefit of changing dopant can be 

better resistance to phase changes at high temperature [59]. This effect is not well 

studied in literature.  

It has been shown that impurity oxides within the top coat can act to accelerate 

the sintering process. By lowering the impurity content of the ceramic, it is 

possible to slow the sintering rate and hence extend the useful life of the coating 

system. Impurity oxides are considered to be alumina and silica and to a lesser 

extent magnetite [60] and titania. Vassen et al. [61] demonstrated that silica 

content can affect the shrinkage and therefore sintering rate of APS TBC systems. 

Later work by Xie [62] shows that reduction of the major impurity oxides below 

0.1 wt.% will slow the sintering rate of zirconia coatings. Consequently, the TBC 

system maintains its required properties for longer.  

As the shape and size of a pore will have an influence on the sintering rate. It is 

possible to theoretically envisage microstructural features that will be more 

sintering resistant than others and therefore design a coating to take advantage of 

such structures.  

Pores that are exceptionally large in size (on the order of 30-50µm) will not sinter 

without the application of additional pressure (as in Hot Isostatic Pressing) on the 

system. Similarly small spheroidal pores have such low surface energy levels that 

any further sintering is impossible without application of pressure.
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5.1.4. Phase Decomposition 

The exposure of ceramics to high temperatures can also affect what phases are 

present within the material. The commonly used composition of 8wt% yttria 

stabilised zirconia consists of non-transformable tetragonal (t’) phase at room 

temperature. This phase is stable at temperatures up to around 1200°C. Exposure 

to temperatures of 1200°C and higher results in the gradual decomposition of the 

t’ phase into high and low concentration tetragonal phases. After some time the 

high concentration t’ phase may transform into cubic phase. On slow cooling the 

low concentration t’ phase transforms to monoclinic phase (m) [11].  

Monoclinic material results in a volume increase of roughly 4% that can lead to 

stress generation within the material and subsequent cracking. An additional issue 

is that the degradation of t’ leads to an increase in the thermal conductivity of the 

coating [63]. 

Purity of the YSZ coating has been shown to also affect the rate of phase 

decomposition [64]. 

The decomposition of partially stabilised zirconia is believed to be the main limit 

on the upper operating range for conventional coatings. Components that require 

higher operating temperatures for long periods may therefore require new 

materials that are phase stable at higher temperatures. 
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5.2.  Bond coat oxidation and failure  

5.2.1. Oxidation mechanisms 

While the ceramic top coat provides the insulating effect of a TBC and must 

survive the stresses of thermal cycling and sintering, the ultimate lifetime of the 

system is controlled by the bond coat lifetime. In thermal spray TBC’s the 

common bond coat material is an MCrAlY, where M is Nickel, cobalt or a 

combination of both. Nickel is used for oxidation resistance and cobalt for 

corrosion resistance; a combination therefore provides combined resistance to 

both methods of degradation. The purpose of the yttrium is to getter sulphur that 

may diffuse into the coating and to help with oxide adhesion. While an MCrAlY 

is able to form several different oxides as a form of protection, the primary one 

of interest is alumina due to its ability to protect the metal at high temperatures 

and under a wide range of conditions. This oxide layer is known as the thermally 

grown oxide (TGO). 

During exposure of a TBC to its operating environment, oxygen penetrates the 

ceramic top coat and begins to react with the metallic bond coat. Oxidation begins 

by the absorption of oxygen atoms on the metal surface. Oxygen atoms diffuse 

across the surface to nucleation sites on the surface. Nucleation points are 

normally surface defects such as dislocations or grain boundaries. Nucleated oxide 

islands grow at the interface, eventually forming a continuous layer of oxide scale.  

The initial stages of oxidation are characterised by rapid growth in the nucleated 

oxides; with the rate of reaction dominated by absorption and surface diffusion 

[65]. Once a continuous film or scale has formed, the rate of oxidation is governed 

by the rate of diffusion of reactants though the bulk oxide film.  In the case of 

the MCrAlY systems, this is dominated by the diffusion of aluminium to form 

alumina at the TGO/top coat interface. 

Overlay bond coats in the as sprayed state tend to show a two phase structure 

that appears after the first heating cycle. The phases consist of β- NiAl and a 

matrix of γ- Ni or γ’- NiAl3 [66]. The beta phase forms a reservoir of aluminium 

within the coating for the formation of the protective alumina oxide scale. This 

aluminium content is used up during the lifetime of the coating. The formation 

of aluminium oxide at the bond coat / top coat interface is slow but continuous. 

Aluminium also tends to diffuse from the bond coat into the substrate material 

due to concentration gradients driving diffusion. Depletion of the beta phase does 
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not just occur through the formation of alumina at the TGO interface. An 

important route for aluminium depletion is via diffusion into the substrate. If 

there is significant difference in the aluminium content of the substrate and bond 

coat; aluminium will diffuse over time from high concentration to low 

concentration areas. Diffusion can lead to other elements diffusing into the bond 

coat from the superalloy substrate. This may be of importance due to formation 

of unwanted phases or reduction in the mechanical strength of the superalloy. 

Later in the lifetime of the coating another stage of oxidation may take place. This 

phase is known as chemical failure or breakaway oxidation. At this point the 

aluminium level within the Bond coat is depleted to below 2.5 wt% Al [67]. If the 

TGO is damaged at this stage, due to thermal stress; oxygen will gain access to 

the bond coat that can no longer form alumina. As a result of the depletion of 

aluminium, new oxides begin to form based on nickel or cobalt spinels [66].  This 

form of behaviour is often seen first at the asperities in the bond coat to top coat 

interface. Depletion of beta phase here happens sooner due to the greater surface 

area exposed to oxygen.  Formation of spinel oxides is damaging to the TBC 

lifetime as these oxides grow rapidly, are fairly porous and have an associated 

volume expansion.  Growth of the unwanted oxides in the TGO will further 

enhance the stress state in the interface region, leading to spallation and failure.  

The cause of failure of a TBC system under oxidising conditions is ultimately 

related to the stress state at the bond coat/TGO/top coat interfaces. Growth of 

the alumina layer generates some level of stress (growth stress); though on a flat 

interface, this is considered negligible [67]. The majority of the stress is generated 

at the interface on cooling of the system. This is thermal mismatch stress caused 

by the difference in coefficient of thermal expansion (CTE) between the ceramic 

TGO and metallic bond coat [68]. At some critical thickness for the TGO the 

strain developed will be sufficient to drive crack formation at the interface; this is 

known as critical strain energy [67][69]. In practice much of the strain developed 

in an oxidising TBC system is dissipated by creep in the bond coat due to its high 

ductility at operating temperatures [67].  

On a realistic TBC system, the interface is not completely smooth. Surface 

asperities due to undulations in the surface can be considered as defect generators. 

Oxide growth is perpendicular to the surface on which it forms. On an undulating 

surface, the resultant uneven growth leads to tensile stress fields at the flanks of 

asperities within the TGO and top coat [67]. Once the oxide has grown 
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sufficiently to raise the stress level to a critical point, cracks can be nucleated in 

the TGO/top coat region. These cracks grow and coalesce with increased 

exposure; finally leading to spallation of the ceramic coating [66][68]. The 

presence of spinel oxides can greatly accelerate failure due to their lower fracture 

toughness and increased CTE mismatch [70].  Failure then for a real TBC system 

is driven by a combination of thermal mismatch stress and oxide growth stress 

(depending on the roughness of the interface). The overall conclusion is that the 

rate at which the TGO thickens due to growth of alumina or other oxides, defines 

the lifetime of a TBC. 

5.2.2. Methods to limit Oxidation 

As oxidation of the bond coat controls the ultimate lifetime of a TBC system, 

various techniques have been looked at in order to reduce the rate of oxidation 

beyond conventional alloy composition modifications. Many of these focus on 

nucleating α-alumina at the bond coat/top coat interface as rapidly as possible. 

Work by a number of individuals has focused on milling of conventional MCrAlY 

materials in order to alter the structure of the spray powder. Cryo-milling has been 

shown to generate powders with a nano-structure due to high amounts of 

deformation done to the powder particles [71]. The nano-structured powder, 

when sprayed with HVOF, shows much faster formation of the passivating 

alumina layer compared to conventional MCrAlY’s that then follows a slower 

growth rate [72]. The mechanism for this increased oxidation resistance is 

believed to be twofold. Firstly the greater number of grain boundaries within the 

sprayed nano-structured powder acting to enhance aluminium diffusion to the 

interface [71]. Secondly, dispersoids of fine alumina and nitride particles generated 

during milling act as nucleation sites for alumina growth [73], [74]. Coatings 

produced with cryo-milled powders have also exhibited better hot corrosion 

performance relative to conventionally structured powders [75]. 

Some work has been conducted where the thermal sprayed bond coat (normally 

an HVOF coating) is subsequently coated with an aluminide layer or platinum 

aluminide layer using CDV techniques. Similar to cryo-milling approach, the 

purpose is to promote the formation of a dense alumina layer at the ceramic to 

bond coat interface. This approach has shown an improvement in cyclic oxidation 

life of around 20% [76]. Another use of intermediate CVD coating has been 

proposed by Lima et al. [77]. Here CVD is used to apply a chromia layer on top 
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of a HVOF bond coat in order to promote alumina formation during oxidation.  

However the cost of having such an additional process may limit its use.  

As discussed previously, YSZ is considered to be transparent to oxygen; meaning 

the top coat cannot prevent oxidation of the underlying bond coat. However, Zhu 

et al. [78] have demonstrated that when an alumina layer is added on top of the 

YSZ, the oxidation rate is reduced. In this case the alumina layer was formed by 

first sputtering aluminium with subsequent short oxidation step to form alumina. 

The thin layer of alumina acts to prevent the diffusion of oxygen through the top 

coat resulting in a lower rate of oxidation of the bond coat in the system.  

5.2.3. Influence of bond coat structure on lifetime 

Control of bond coat oxidation can be done via two routes, by control of 

chemistry or by control of the structure. Modification of bond coat chemistry is 

as complex as the development in the underlying superalloy and is beyond the 

scope of this work. Control of the microstructure produced during thermal 

spraying can give bond coats with increased lifetime. Bond coats can be sprayed 

by a number of techniques; however, this work will concentrate on those done in 

atmospheric conditions. The older method for bond coat production is air plasma 

spraying. This is the same process as used to produce the ceramic top coat. A 

typical plasma sprayed microstructure is shown in figure 14. 
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Figure 25: Typical plasma sprayed bond coat microstructure 
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The structure of the coating is dominated by the characteristic lamellar splats from 

each impacting particle. The coating also contains a large amount of 

delaminations, oxides and porosity.  All of these features will alter the mechanical 

properties of the coating relative to a homogenous, dense material. More 

important is that features such as porosity and delaminations allow the ingress of 

oxygen from the atmosphere into the coating during service [79]. This can lead to 

internal oxidation of the coating, rather than the interface oxidation that has been 

discussed so far.  

In figure 26, the oxidation is apparent along the delaminations or splat boundaries; 

shown by the grey stands running though the structure. The TGO is apparent in 

the top right hand corner of the picture. Internal oxidation is generally agreed to 

be detrimental to the performance of the coating. Internal oxides will decrease 

the amount of aluminium available in the bond coat for the formation of alumina 

at the bond coat interface; consequently reducing the lifetime. However, there are 

some believed benefits of the internal oxide layers. Patterson et al [80] have 

sugested that the internal oxides can lower the CTE mismatch stress between the 

metallic bond coat and zirconia top coat by lowering the overall CTE of the bond 

coat layer. Additonally, the oxide stringers can act to hinder the diffusion of 

elements from the substrate from migrating into the bond coat. This would 

include the migration of aluminium. 

Figure 26: Plasma sprayed Bond coat after 100 hours at 1150°C 
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HVOF bond coats have some advantages over the more classical plasma sprayed 

type. The process produces a coating containing little porosity or oxides. The 

advantage this gives to HVOF bond coats is reduced internal oxidation rate. In 

research, HVOF coatings have shown lower oxidation rates than air plasma 

coatings [79]. More significantly is their performance advantage over the 

expensive vacuum plasma coating process in some tests [81].  

Figure 27 shows an HVOF coating after thermal exposure. Compared to the 

plasma sprayed coating in figure 25 there is far less internal oxidation of the 

coating. Most of the small oxides found within the coating are residual oxides 

produced during the spray process rather than occurring after exposure.  

An issue that has been encountered with dense coatings such as HVOF and 

HVAF bond coats is the strong effect of diffusion between bond coat and 

substrate. In APS bond coats, the layers of Alumina formed in the coating during 

spraying act to limit the diffusion of elements from bond coat to substrate and 

vice-versa. In dense, oxide free coatings there exists no such barrier so diffusion 

rates will be much higher 

Diffusion is a performance issue as it generally depletes the bond coat of 

aluminium; though diffusion of other elements from substrate or bond coat may 

also adversely impact the performance of the system [82]. Superalloy substrates 

Figure 27: HVOF bond coat exposed for 100 hours at 1150°C 
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now used for components generally contain quite low levels of aluminium. This 

difference in concentration across the interface drives the diffusion of aluminium 

into the substrate. If the aluminium is lost to the substrate then it is unavailable 

for the formation of alumina at the TGO interface [83].  

5.2.4. Roughness of the bond coat interface 

The roughness of the interface where the TGO forms can also have an impact on 

the lifetime of a TBC. Generally with thermal spray coatings, some level of surface 

roughness is required for good adhesion. However, growth of a TGO at a rough 

interface creates some additional problems.  The TGO will grow perpendicular 

to the interface on which it is situated. If the interface has roughness, this will 

generate additional growth stress as discussed in section 5.2.1. Additionally, with 

longer exposure times the TGO will begin to experience local aluminium 

depletion at the peaks in the surface roughness. This can lead to local chemical 

failure and faster TGO growth at the surface asperities due to additional 

formation of spinel oxides. 

It is now understood that APS ceramics require a certain level of roughness on 

the target surface in order to maintain good adhesion. This being a trade-off 

between adhesive requirements of the top coat and the detrimental increased 

growth stress from a rough interface [82]. The ideal level is believed to be in the 

range Ra= 6-12 µm [10][84]. For plasma sprayed bond coats the surface 

roughness is commonly in the range Ra= 10-16 µm with HVOF coatings in the 

range Ra= 3-6 µm. For APS coatings, control of process parameters can produce 

surfaces with lower roughness more favourable for the ideal conditions. In the 

case of HVOF it is often more difficult to increase the roughness by parameter 

control alone. An alternate approach has been to use powder with a larger particle 

size than is common for HVOF production, such as a powder recommended for 

APS processing. With this approach, a bond coat can be sprayed that has a 

roughness within the desired range [84]. While having an optimal range for surface 

roughness can maximise the performance of the coating system, it is quite likely 

that the phenomena is far more complex and relates to the surface morphology 

[85].  

Most recent results suggest that a simple parameter such as Ra is not sufficient to 

characterise the influence of the interface region on stress. Gupta et al. modelled 

the influence of surface topography on stress evolution of thermo-cyclic fatigue 
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samples [86]. In this case the coatings had been created with similar designed 

surface Ra according to the accepted design range; though they displayed vastly 

different cyclic lifetimes. The results suggest that it is the shape of the surface 

rather than only the arithmetic mean peak height that determines stress state 

during oxidation. While the model is a work in development, greater study on real 

interfaces may lead to a better understanding of the differences seen in thermal 

cyclic testing.  

An approach that has worked well in testing and in industry has been to apply 

dual layer systems where the HVOF layer provides the bulk of the coating and 

the aluminium reservoir. A thinner over-layer of APS bond coat is added to give 

the correct surface roughness for adhesion.  

In the case of SPS ceramics, the interface requirements appear to be quite 

different to their APS counterparts. SPS ceramics have shown longer lifetimes on 

smoother bond coat systems that would generally not work for APS ceramics. 

The influence is however complicated by the fact that interface topography 

actually has a dramatic influence on the structure that is generated. 

Fauchais et al [35] have postulated that in the case of conventional coatings, 

optimal adhesion is achieved when the height of the surface peaks is roughly 1/3 

to ½  the mean diameter of a splat. If the same holds true for the SPS process, 

then surface topography for optimal bonding of an SPS coating should be of a 

much finer scale than for conventional coatings. For SPS coatings that would 

mean surfaces with an average peak height was on the order of a few microns.  

An additional factor that should be considered with suspension and solution 

plasma spraying is that bonding may not be the result of mechanical anchoring 

alone. Kaβner et al. have reported the presence of vapour phase deposition with 

hot plasma conditions [38]. Deposition from vapour phase would lead to chemical 

bonding in addition to the mechanical anchoring present due to splat deposition. 

Presently it is unknown if vapour deposition gives any contribution to the 

adhesion with SPS/SPPS systems.
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6. TBC Characterisation 

In order to further develop thermal barrier coating technology; new coatings must 

be characterised for their properties relative to an accepted standard. Many 

techniques are available for TBC characterisation. Full coverage of all techniques 

is beyond the scope of this thesis. Therefore only the techniques that are of 

relevance to the presented work are discussed within this section.  

6.1. Techniques for Investigating lifetime 

The characteristic problem with research on a component to be implemented in 

industry is that often there is insufficient time or resources to test the components 

in real conditions. As a result, more simplified tests are employed to either 

accelerate testing times or to narrow the operating conditions for testing. This 

introduces an element of risk to the experiment, if it moves too far away from 

realistic conditions; the conclusions drawn from the experiment may be invalid 

for the real application. 

Lifetime testing has the general purpose of trying to simulate operation of a 

component on a sample. From this simulation we may gain just the lifetime the 

coating has under the test conditions. Additionally, the effect of the thermal 

exposure can be evaluated in order to understand how coating properties evolve 

over time.  

There are a number of methods available to test lifetime of coatings. The simplest 

method involves isothermal exposure at the operating temperature or at higher 

temperatures (to accelerate the test) [87] [88].  The advantage of isothermal 

exposure is the ease of performing the test. Furnaces that can reach 1200°C are 

relatively low cost and are simple to operate.  

Problems with this test stem from the differences to actual operating conditions. 

Most importantly for the ceramic layers is the lack of a thermal gradient. This will 

compromise the test temperature that can be used. Too high a temperature and 

the substrate and bond coat will degrade rapidly; too low a temperature and the 

exposure may be considered not relevant. In the case of the bond coat the lack of 

flow of oxygen and environment containing little water vapour means oxidation 

rate will differ to a real component. 
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6.2.  Thermo-cyclic Fatigue 

Thermo-cyclic fatigue tests are performed to assess the ability of the coating to 

cope with high temperature oxidation combined with cyclic heating and cooling. 

This can allow a sample to be tested in a manner that will show its resistance to 

sintering within the ceramic, its strain tolerance on cooling and the oxidation 

behavior of the bond coat. The limitation of this technique is that normally a 

thermal gradient is not present within the system once the samples have reached 

the furnace operating temperature. This limitation will require a reduced operating 

temperature, to prevent rapid oxidation of the bond coat. Coatings are also 

subjected to thermal loading only, unlike the thermo-mechanical fatigue (TMF) 

or thermal gradient mechanical fatigue (TGMF); where mechanical fatigue is also 

studied [69], [89]. 

TCF cycling involves heating samples to a specified temperature within a furnace 

with a hold time of 1 hour, though this varies according to the institute or 

company that carries out the test. After a hold time, the samples are automatically 

removed from the heating furnace to a cooling stage. Here, forced cooling is 

provided by compressed air in order to cool the samples to 100°C within 10 

minutes. Cycling is repeated until failure of all samples has been recorded. Failure 

of test samples is deemed when 20 percent of the coated surface has spalled off. 

Monitoring of the samples is provided by a camera monitoring system that is 

triggered when the samples are moved to the cooling stage.  

Failure in TCF testing is driven by oxidation of the bond coat and subsequent 

stress generated due to the growing TGO layer. As discussed previously, the 

combination of thermal mismatch stress on cooling and growth stress (on a rough 

surface) will lead to crack nucleation once stress reaches a critical level. Failures 

in APS coatings generally involve the propagation of a crack from the flank region 

of the TGO/Ceramic interface on an undulating interface. Cracks will propagate 

through the top coat after repeated cycling. Spallation occurs when these cracks 

have grown sufficiently to connect with each other [90].  
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An example failure from TCF testing can be observed in figure 28. The successive 

layers of cracking within the TGO are an example of localized damage of the 

TGO layer during cycling. Cracks formed within the TGO layer during a cooling 

cycle may allow access of oxygen to the bond coat, resulting in the re-growth of 

the alumina layer. Eventually if the aluminium level is depleted locally; spinel 

oxides may form rather than alumina. The growth of spinels, being more rapid 

than alumina growth and with a larger volume change for formation; increases 

the stress at the interface [70]. Such an event is known as mechanically induced 

chemical failure [67]. Layered cracking in the TGO at asperities, as in figure 28, 

has been reported in literature as the beginning of the defect that will finally 

propagate into the ceramic layer [91]. 

A known effect on lifetime is related to the combination of bond coat and 

substrate. The CTE of the substrate is known to affect the total lifetime 

achievable with lower CTE substrates giving longer lifetimes [64]. Edge effect is 

important in TCF testing; Brodin et al. have simulated different chamfer angles 

on TCF plates and have demonstrated that shallow angles will result in longer 

lifetimes [92]. 

 

Figure 28: Micrograph of layered cracking at asperity in a 
thermo-cyclic fatigue sample 
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6.3. Thermal Shock  

Thermal shock testing aims to replicate the rapid heating and cooling experienced 

by coatings during service. The simplest version of this test involves heating 

samples to a selected temperature and force-cooling them with air or by dropping 

them into water. Once again this can be considered highly unrealistic of real 

operating conditions. 

A more advanced form of thermal shock test is the burner rig test [52][93][94]. 

This involves using a combustion burner to heat the samples to a specified surface 

temperature. After a set time, the burner heat is removed and the sample cooled 

with compressed air. During the heating cycle, the samples are also back face 

cooled in order to set up a thermal gradient within the coating system. There are 

many variations on this test set up across various testing labs. Generally, the hold 

time under the flame is relatively short, from 20 to 300 seconds. The test therefore 

favours thermal shock of the ceramic layer and the stresses generated during rapid 

heating, cooling and formation of a thermal gradient. There is rarely time in such 

a test to see significant effect of oxidation (and its associated stress generation) or 

sintering on the ceramic layer, on coating failure. 

The burner rig test can be considered as closer to a true test for a TBC system. 

The coating experiences a thermal gradient with the bond coat at its envisaged 

operating temperature of approximately 1000°C. The substrate is held at lower 

temperatures due to rear face cooling. The ceramic layer experiences the thermal 

gradient it is designed for in service with temperature in the range that would 

allow sintering of the outer (near surface) ceramic structure.  

However, there are some important differences to real operating conditions that 

must be considered. The burners commonly run on gas fuel such as propane, this 

does not have the same characteristic as jet fuel or the heavy fuels used in 

industrial gas turbines. An important factor for bond coat lifetime can be the 

oxidation rate and that is affected by the water content within the combustor 

flame. A number of test rigs are available that allow for correct (high) pressure 

and supersonic jet speeds [93]. However these facilities are the exception rather 

than the rule. Running at atmospheric conditions and subsonic speeds is also not 

as representative of real service conditions.  

The rapid heating and cooling is also a severe test for a coating. In reality, engines 

are started and ramped up slowly with time allowed to cool down after use. In 
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some cases thermal shock may be of more interest for engines that may suffer 

from rapid temperature changes or shut downs such as military engines or civilian 

aero engines. Industrial gas turbines, with their long operating times and low 

number of shut downs are somewhat less affected by thermal shock in service 

[95]. 

6.4.  Measurement of Thermal Properties 

Characterising a coating for its thermal transport properties has become one of 

the key techniques for development of TBC systems. Thermal properties are 

needed not only to evaluate new coatings and provide design data but to monitor 

the changes to coating systems with service exposure. Analysis of thermal 

properties can give quantitative data on how coatings have changed their 

performance with service exposure [48] [62] [96].  

When TBC's are measured for their thermal properties, it is often their thermal 

diffusivity that is measured experimentally. Thermal diffusivity is directly related 

to the thermal conductivity of a material by formula 5: 

𝜆 =  𝛼 ∙ 𝐶𝑝 ∙ 𝜌    (5) 

Where α is thermal diffusivity (m²/s), Cp is specific heat capacity (J/(kg·K)), ρ is 

density (kg/m³) λ is thermal conductivity (W/(m·K). It can be seen that a material 

with a high thermal conductivity will have a high thermal diffusivity. It is often 

easier to measure thermal diffusivity as it eliminates the need to calculate the 

specific density and heat capacity for each coating. With the expected drop in 

porosity content there should be an increase in thermal conductivity.  

6.4.1. Laser Flash Analysis 

The most commonly accepted method for measuring coating thermal properties 

of TBC’s is the laser flash analysis (LFA) technique [97][98].  The technique 

utilises a laser and infra-red detector so is inherently a non-contact method. The 

technique has been developed over several decades for use on layered samples 

(such as TBC’s) and is available commercially from several companies.  

During a test, a TBC sample is placed in a controlled atmosphere at a controlled 

temperature from room temperature up to 1200°C. The technique uses a pulsed 

laser to instantaneously heat the front face of the system. Heat from the laser 
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pulse is transported through the sample and a measurement of the transient 

temperature increase is made on the back face of the sample by an infra-red 

detector. Calculation of the thermal diffusivity is based on formula 6: 

𝛼 =
0.1388∙𝐿2

𝑡 (0.5)
    (6) 

Where α is the thermal diffusivity (m²/s), L is the sample thickness (m) and t(0.5)  

the time corresponding to the half maximum increase in temperature at the back 

face of the sample (s).  A schematic of the experimental set up is shown in figure 

29: 

In this fashion, the thermal diffusivity of the sample may be measured. Thermal 

conductivity can then be calculated using formula 3 if the density and specific heat 

capacity are known.  If the sample is multi-layered, the problem becomes more 

complicated. A number of models exist that allow the properties of one layer 

within the system to be measured if the properties of the other layers within the 

system are known.   

Figure 29: Schematic of the laser flash analysis equipment  
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In practice, for a TBC system this means that to know the properties of the top 

coat, the ceramic must either be measured individually or the substrate and bond 

coat properties known to solve the multi-layer model. Experimentally, samples 

with just substrate alloy and substrate plus bond coat are produced along with the 

coatings under investigation. Specific heat capacity data can be taken from known 

databases but it is far more accurate to measure for each coating material using 

Differential Scanning Calorimetry (DSC). DSC samples are cycled a number of 

times in order to remove any transient effects that could affect the data being 

generated. The equipment is capable of including effects produced by coefficient 

of thermal expansion, if measurements are made using a dilatometer. In practice 

this is rarely performed. 

Density measurements can be made using a number of methods. The most 

common method is Archimedes displacement. Other possible methods include 

mercury porosimetry and gas absorbtion methods. Due to the problem of 

unconnected or sealed porosity, some of these methods will only be able to detect 

connected pores. Inaccuracies in measurement of density will lead to inaccurate 

results for calculated thermal conductivity. Bacciochini et al. have used ultra-small 

angle x-ray scattering to characterise even the finest scale pores in an SPS coating 

[99]. While the measurement is highly accurate; subsequent analysis relies on 

modelling of pores and therefore is not so able to take true geometry changes into 

account. However such measurements are currently limited by accessibility of 

equipment. A possible future method for pore analysis would be the use of X-ray 

tomography to both quantify the amount of porosity and study their geometry 

and distribution within the sample. 

One of the biggest factors on the accuracy of the LFA is the thickness of the 

layers entered into the model. As can be seen from equation 4, diffusivity is related 

to the thickness squared. A 20% error in coating thickness gives almost 50% 

change in thermal conductivity [97].  

An issue that can cause problems for TBC layered systems or for single layers of 

ceramic is that zirconia is transparent to the wavelength of light produced by the 

LFA laser. In order to counteract this, the samples are commonly coated with a 

very thin layer of graphite or gold in order to allow the laser light to be absorbed. 

At present the laser flash system requires small flat samples for measurement. 

Consequently, measurement on a component is not possible.



66 
 

 



67 
 

 

7. How to design a TBC system 

As with most engineering applications, there is not a single coating combination 

for a TBC that will fulfil all requirements for all applications. In designing a TBC 

system we must first consider the application in which it will be used   

The purpose of this chapter is not to provide a definitive design methodology for 

TBC design, but rather to outline the general thought process when selecting a 

coating for a specific application. 
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Component

•Industrial Gas Turbine/Aero Turbine?

•Rotating/non-rotating aerofoil?

•Combustion chamber?

•Geometry and size?

Operating 
Conditions

•Component operating temperature

•corrosive or oxidative environment

Coating 
Performance 
Requirements

•Required lifetime

•Required thermal properties

•Required mechanical properties

Top coat type •APS/SPS

Bond coat 
type

•HVOF/HVAF/APS

• Single layer/ dual 
layer
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7.1.1. Component Influence 

The decision on which component the TBC will be applied, has a great influence 

on the choices in the process. We may first define if the component is for an 

Industrial Gas Turbine or an Aero- turbine. This factor will define the size of the 

component, its expected lifetime and potential operating profile. Commonly parts 

can be separated into rotating and non-rotating components 

 Industrial gas turbine parts tend to see sustained use at high temperature; 

therefore oxidation/corrosion behaviour is most dominant 

 Aero engine components see many heating and cooling cycles compared 

to IGT’s therefore requirement to survive thermal cycling stresses is 

more important 

 Rotating components such as turbine blades see centripetal loading and 

issues with creep 

 Non-rotating airfoils don’t see loading centripetal forces. Inlet guide 

vanes see the greatest heat within the engine. 

 Combustion chambers, depending on their geometry, may be very large. 

This influences the possible methods for coating. Similarly larger blades 

and vanes may be problematic for coating.  

7.1.2. Operating Conditions 

Operating conditions are partially influenced by the component that will be 

coated together with the desired running conditions of the engine.  

 Operating temperature- influences choice of top coat material 

 Operating cycle- number of start/stops expected 

 Operating environment –influences corrosion/erosion issues with 

coatings 

 Fuel – fuels with detrimental impurities (Sulphur, Vanadium) 

7.1.3. Coating performance requirements 

Performance requirements may then be defined based on the component to be 

coated and operating conditions it is likely to experience. 
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7.2. Coating Selection 

The following sections should provide an insight into the choice for coating 

materials and microstructure for both top coats and bond coats. While a full 

description of all possible coatings for TBC’s would be of great interest, it is 

beyond the scope of this thesis. The coating selections will therefore focus on 

those coatings studied in the appended papers.  

7.2.1. Top Coat Selection 

APS Coatings 
When considering the choice of top coat material, if the temperature is to be 

below 1200°C, then a YSZ based material is still the best choice due to its overall 

balance in properties. In conventional APS development (Papers 1-4) three main 

aspects were studied:- 

 Dysprosium oxide as an alternative stabiliser to yttrium oxide 

 Purity of feedstock materials 

 Formation of correct microstructure to enhance both thermal insulation 

and thermo-cyclic fatigue life 

Figure 31: Schematic of main performance improvements when altering 
chemistry. (Papers 1-4) 
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The summarised development in ceramic coatings can be seen in the schematic 

and summarised in order of materials cost:- 

1. Low Purity (LP) YSZ -The standard industrial material, low or 

standard purity YSZ. As a benchmark, this material produces 

coatings that have reasonable thermal properties, poor sintering 

resistance but high phase stability relative to the other coating 

materials.  

2. High Purity (HP) YSZ- On making a step up in materials cost 

there is the high purity YSZ (HP YSZ). This material shows similar 

to slightly improved thermal properties compared to LP YSZ with 

improved sintering resistance. However there is a sacrifice in terms 

of phase stability.  

3. Low Purity (LP) DySZ- Due to that substitution of dysprosia, this 

material shows improved thermal properties. The presence of 

impurities gives a low sintering resistance and high phase stability at 

service temperatures (as with LP YSZ). However, possibly higher 

temperature phase stability is compromised due to dysprosia 

substitution. 

4. High Purity (HP) DySZ-The high purity DySZ based materials 

show best thermal performance and equal sintering resistance to 

high purity yttria stabilised materials. Similarly however there may 

be some sacrifice in phase stability.  

In summary the choice made on coating material depends on the severity of the 

expected service life versus the costs that the manufacturer is willing to pay. If 

temperatures for operation are so extreme that significant time will be spent close 

to or exceeding 1200°C; then a two layer system with more stable high 

temperature material such as Gadolinium Zirconate would be recommended. 

It can be argued that microstructure of the coatings is of greater impact on coating 

performance than the choice of coating material properties. Thus the bulk of the 

coating performance is produced by controlling microstructure. An idealised 

representation of pore shape versus sintering resistance and insulating effect 

(thermal resistance) is shown in figure 32.  
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Spherical pores due to their shape have the lowest surface energy and therefore 

low driving force for sintering. However a spherical shape has minimal cross 

section and therefore minimal insulating effect in a TBC system. As pore shape is 

distorted in to a high aspect ratio lens (such as a delamination or crack), the 

insulating effect grows as essentially there is more interface in which to block heat 

flow. A sacrifice for such a pore shape is higher surface energy and resulting 

greater potential for sintering.  

Figure 32: Schematic of trade-off in sintering resistance versus thermal 
resistance for pore geometry. 
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Such a schematic is an idealised case as pores (cracks) within a TBC tend to be 

irregularly shaped, increasing their surface energy. Similarly pores can vary from 

perhaps 30-50 µm in size down to nanometres. The most stable pores can be 

considered those globular pores that are very large as sintering is not able to 

remove such pores in service. Similarly pores that are very small and globular will 

experience some shape change during sintering but will not disappear. Features 

of intermediate to small sizes with high aspect ratios such as fine delaminations 

and cracks tend to sinter, changing the coating properties.  

 

Due to these issues, the control of coating features such as pores, cracks and 

delaminations is important to generate the desired thermal properties but also to 

maintain these properties for a component in service.  

Figure 33: Schematic of pore sintering resistance versus size 
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 In a simplified way the microstructures generated by APS for TBC top coats are 

illustrated in figure 34. The general starting microstructure may be represented by 

the porous TBC. Modification of spray parameters, powder etc. can allow the 

microstructure to be modified into either of the two alternatives.  

Highly porous TBC’s, having porosity greater than 20%; show reduced thermal 

conductivity relative to their standard counterparts. Additional delaminations that 

may be generated can further help to reduce thermal conductivity and increase 

strain tolerance to some degree. Such coatings then maximise the large globular 

pores and large delaminations in order to produce a structure that is both low 

conductivity and stable in terms of sintering. The trade-off for this high porosity 

structure can be reduced erosion resistance over either the standard or segmented 

coatings. 

Segmented TBC’s generally show very low levels of porosity and due to their 

improved inter-splat bonding; they generally exhibit high levels of thermal 

conductivity. However the addition of vertical cracks in the structure allows a 

level of strain tolerance not possible with conventional or porous TBC’s. Such 

Figure 34: Schematic of APS ceramic microstructures for TBC’s 
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coatings are selected where strain tolerance is a major requirement and the 

component is either too big for EB-PVD coating or EB-PVD is considered too 

expensive.  

When considering coatings that should withstand higher temperatures than YSZ 

is suitable for; generally two layer systems are considered. In this case an YSZ 

layer is used next to the bond coat with a low conductivity ceramic layer applied 

on top.  

SPS Coatings 

While SPS coatings are still in the development stage for TBC applications, some 

trends in coating morphology are emerging. As previously discussed (Section 

4.2.5); Depending on the deposition conditions, SPS coatings may be developed 

with different microstructures. Type 1 coatings being so far the most common 

seen in literature. Type 1 coatings tend to contain vertical cracks though arguably 

these can be reduced dramatically with careful control of deposition conditions. 

 

Figure 35: Schematic of types of SPS ceramic coatings for TBC systems 
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Type 2 coatings show the transition cracked/columnar structure with type 3 

coatings being variations on the fully columnar structures.  

Thermal conductivity increases when moving from type 1 to type 2 coatings and 

likewise on to type 3 coatings. The thermal conductivity increases as the additional 

vertical cracks/column spaces tend to allow better heat transfer to the substrate. 

However the move from type 1 to 3 coatings will result in a theoretically more 

strain tolerant coating. The feathery columnar type 3 coating is a possible method 

to regain some of the lost thermal resistance lost in the move to a columnar 

structure. 

Presently there is little literature data available on the performance of such 

coatings in various TBC performance tests. Similarly there is no industrial data on 

their performance as such coatings are presently at the prototype stage.  

It can be envisaged that for applications where strain tolerance is of prime 

importance such as turbine blades, then a type 3 coating would be chosen. In the 

case of a combustor liner, where low thermal conductivity may be more 

important, a Type 1 or 2 coating may be preferred. 

7.2.2. Bond Coat Selection 

Bond coats must be selected based on the environment in which they are expected 

to operate, the substrate they will be applied to and the top coat process that will 

be used. First the coating chemistry should be decided based on the operating 

conditions the component should face. Where corrosion is expected to be a major 

issue then the chemistry chosen will be different relative to a part that has 

oxidation driven failure. Assuming the chemistry is chosen appropriate to the 

conditions, the next step will be to select the appropriate bond coat deposition 

technique. The schematic in figure 36 displays the most common types of bond 

coat:- 
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Figure 36: Schematic of types of bond coat for TBC applications 

 

Single layer bond coats can be considered the simple solution to the question of 

bond coat process. From left to right the coating cost increases along with the 

quality of the coating. APS bond coats may be used in applications where 

conditions are less severe and where low cost is an issue. HVOF provides a higher 

quality coating in terms of oxidation resistance; though at higher coating cost. 

VPS/LPPS coatings can be of very high quality in terms of oxide content. 

However, the cost is generally higher than for HVOF processing and equipment 

requirements sometimes prevent the larger components from being coated.  

Dual layer coatings have been developed to overcome an issue that occurs when 

using HVOF coatings as a bond coat for APS ceramics. Due to the surface 

topography generated during HVOF spraying, cracking and failure during 

oxidation occur faster with the smoother HVOF surface. The dual layer coating 

attempts to give the high quality HVOF coating combined with the improved 

adhesion of a rough surface layer. The rough layer is generated either by allocation 
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of a reasonably thin APS bond coat layer above the HVOF coating. Alternatively 

HVOF processing is used to generate the rough layer by use of larger size 

distribution powder and/or altered spraying parameters. An additional advantage 

that may be exploited with two layer systems is that different coating chemistries 

may be used for each layer.  

For SPS ceramic coatings, the choice of bond coat is somewhat complicated by 

the influence of the coating topography on the generated microstructure. As 

discussed previously the surface requirements for SPS may dictate a bond coat 

with smoother topography for reasons of SPS coating structure as well as 

interface bonding. This then restricts bond coat production to HVOF or 

VPS/LPPS spraying. A less established but interesting technique that may prove 

of great interest for high quality bond coats is HVAF spraying.
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8. Summary of Included Papers 

Paper 1 - Next Generation TBC’s for Gas Turbine Applications 

This first paper introduces the materials and processes that have been used 

throughout this research work as a whole. The use of high purity powder 

chemistry is presented together with the use of dysprosia as an alternate stabiliser 

to yttria. The purpose of these materials was to create a ceramic that would be 

more stable with high temperature exposure. Agglomerated and sintered (A&S), 

homogenised oven spherodised powder (HOSP) and porosity former (polymer 

containing) powders are presented together with their impact on microstructure. 

The laser flash technique was used to evaluate thermal conductivity of the coating 

systems from room temperature to 1200°C. Tests were performed on as-sprayed 

samples and samples heat treated for 100 hours at 1150°C. The results confirmed 

the benefit of dysprosia as a stabiliser and that the porosity forming powder 

greatly reduced thermal conductivity of the coatings.   

Paper 2 - Evaluation of thermal Properties and lifetime of dysprosia 

stabilised TBC’s 

The aim of this study was the evolution of the coatings developed in paper 1. 

Experimental coatings presented are dysprosia stabilised with either a pore former 

powder or multi-layer architecture. Coatings were produced on two alternate 

bond coats in order to establish the impact oxidation would have on lifetime. 

Evaluations were carried out using laser flash technique to measure thermal 

properties of the coatings in the as-produced state as well as after short heat 

treatment of 100 hours. Lifetime testing was performed using thermo-cyclic 

fatigue testing at 1100°C. The results show that coatings with an engineered 

microstructure give performance twice that of the present reference coating. 

Paper 3 - Evolution of thermal conductivity of dysprosia stabilised 

thermal barrier coating systems with heat treatment 

Paper 3 presents the follow on work from paper 2. Coatings presented earlier 

were exposed to isothermal furnace conditions at 1150°C from 5 to 200 hours 

1150°C. The purpose of the study was to evaluate the sintering resistance of the 
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coating systems and how both microstructure and chemistry affected sintering 

rate. Thermal conductivity of the systems was measured using laser flash analysis 

after heat treatment and again at high temperature to assess thermal conductivity 

changes with sintering. The main conclusion was that the coatings generated using 

a pore former maintained lower thermal conductivity after thermal exposure.  

Paper 4 - Impact of Impurity Content on the Sintering Resistance of 

Dysprosia and Yttria Stabilised Zirconia Thermal Barrier Coatings 

The purpose of this study was to resolve some remaining questions raised by the 

earlier research papers. Namely, how do the purity of the powders influence the 

sintering resistance and phase stability of the coatings. Also of interest was the 

influence of dysprosia relative to yttria on the previously mentioned properties. 

Four coating sets were prepared being either high purity or low purity YSZ or 

DySZ. The coatings were exposed to isothermal conditions at 1150°C for up to 

400 hours. The thermal conductivity of the coatings versus their exposure time 

was evaluated. Phase analysis was performed on starting materials, as-sprayed 

coatings and 400 hours heat treated coatings. The results confirm that DySZ has 

a performance benefit in terms of thermal conductivity over YSZ. Purity of the 

coating was shown to increase sintering resistance though at the price of 

decreased phase stability. The study also raises further questions on the phase 

stability of DySZ coatings at temperatures greater than 1200°C. 

Paper 5 - Thermal Conductivity Analysis and Thermo-Cyclic Fatigue 

Testing of Suspension Plasma Sprayed Thermal Barrier Coatings 

This study represents the first step for University West in the field of suspension 

plasma sprayed coatings. Combinations of different SPS coatings together with 

HVOF, APS and HVAF bond coats were tested against conventional segmented 

APS coatings. Evaluation techniques included thermal conductivity evaluation, 

thermo-cyclic fatigue, thermal shock and erosion tests. The results demonstrated 

that SPS TBC systems can attain suitable lifetimes in oxidation based testing.  

Thermal shock performance was demonstrated to be outstanding relative to any 

previous coating tested. Thermal conductivity results indicate similar performance 

to porous APS coatings.   
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Paper 6 - Effect of Bond Coat Surface Roughness on the Structure of 

Axial Suspension Plasma Spray Thermal Barrier Coatings 

Paper 6 presents the first efforts to begin tailoring the microstructure of SPS 

coatings for TBC applications, particularly in relation to column width. The 

influence of surface roughness on column formation in SPS coatings was studied 

by the use of bond coats prepared with varied roughness levels. Test samples were 

produced using identical deposition conditions for the SPS YSZ layer. Testing 

then included thermo-cyclic fatigue, thermal shock and thermal property 

evaluation. The results demonstrated that column formation is dramatically 

influenced by surface roughness of the underlying substrate.  By controlling 

surface roughness of a bond coat, an engineered column structure could be 

achieved.
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9. Conclusions  

The microstructural features that were shown to have greatest impact on thermo-

physical properties have been the large scale globular porosity, generated by 

inclusion of polymer to the powder mixture. However, it seems to be large pores 

combined with the high number of delaminations that are generated during their 

formation that gives both long thermo-cyclic fatigue life and low thermal 

conductivity.  

Use of high purity chemistry combined with a replacement stabiliser for the 

zirconia was demonstrated to give an improvement in both lifetime and thermal 

properties respectively. However, the influence of the dopant on thermal 

properties was small relative to what can be achieved with controlled porosity 

within coatings. In the case of dysprosia as a dopant there was apparently a trade-

off for the lower thermal conductivity in that at temperatures above 1200°C, the 

DySZ coatings show rapid phase degradation.  

The influence of high purity spray material on coating properties also displayed a 

trade-off in performance. High purity leads to improved sintering resistance at 

high temperatures but consequently slightly reduced phase stability.  

The effect of high temperature exposure on coating performance in terms of 

thermal properties was demonstrated. Sintering was observed within the 

microstructure of thermally exposed samples; leading to dramatically increased 

thermal conductivity. However, the microstructural changes could not be directly 

quantified with the microstructure techniques used thus far. While sintering of 

the microstructure influenced all coatings; the degree to which thermal 

performance degraded was dependant on microstructural features. Again coatings 

generated with a pore former displayed a smaller degradation in performance.   

In terms of methods used for assessing the impact of microstructure (change in 

structure) and chemistry of the coatings; the laser flash technique is most 

appropriate for TBCs at all temperatures. While the technique gives indirect data 

on microstructural changes, it is able to give quantifiable data. Presently, there is 

no method readily available to directly quantify microstructural features in 

sufficient detail that can then be linked to thermal property changes. 
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In the area of performance testing, the use of thermo-cyclic fatigue provided 

important information on how the coatings behave due to stress on cooling 

combined with oxidation at high temperature. However, the test still does not 

give information on how the coatings will perform in practice and how 

microstructure and thermal properties will be impacted. It is generally believed 

that coatings perform better in real turbines than they do in laboratory tests. 

Columnar suspension plasma spray TBC’s demonstrated superior properties 

relative to their conventional counterparts in terms of thermal properties and 

thermal shock resistance. Greater lifetime in TCF testing was demonstrated 

relative to dense vertically cracked APS coatings. It was also shown that the 

column width could be manipulated by control of the surface roughness of the 

bond coat. Such an approach may allow more carefully engineered SPS 

microstructures in future.   

The overall conclusion that can be drawn from the results is that further 

performance improvements in both lifetime and thermal properties for TBC 

systems can be achieved through designed microstructures. 

9.1.  Future work 

While laser flash has proven to be a very reliable method for testing changes in 

microstructure and chemistry, a high resolution method for directly quantifying 

microstructural changes would be valuable to further understand how these 

coatings degrade in practice. Further work on either high resolution X-ray 

tomography of coatings or USAX (ultra-small angle x-ray scattering) 

measurements would be of interest to study true microstructure changes in detail. 

Future work may involve far more radical changes to both microstructure and 

chemistry in order to investigate the factors ignored in this work.  

Since testing of experimental components in the real operating environment is 

next to impossible, a more developed lifetime test is desired. In future the use of 

a TCF test that includes a thermal gradient could provide some of this missing 

knowledge. A step beyond this would be to include mechanical loading together 

with thermal gradient at relevant temperatures; such thermal gradient mechanical 

fatigue (TGMF) tests would further enhance knowledge on lifetime and failure in 

simulated conditions.  
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Suspension plasma sprayed coatings appear to be a game changer in the field of 

TBC production. While their true performance against the state of art EB-PVD 

is not yet publically known; the ability to produce high quality strain tolerant 

coatings with an atmospheric plasma spray equipment may open the market in 

terms of number of possible producers of coatings and possible application areas 

for TBC’s within the Gas Turbine.  

There is much future work needed to further understand the processing 

conditions, suspension requirements and surface preparation required in order to 

create the optimal performing SPS system.  
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Design of Thermal Barrier Coatings
Thermal barrier coatings (TBC)’s are used in jet engines for transportation 
and industrial gas turbines for power generation. The purpose of a ther-
mal barrier coatings is to protect components in the engine from the high 
temperatures of the combustion process. By improving coating thermal 
insulation properties and lifetime; more powerful and efficient engines can 
be manufactured.

This work has focused on further development of thermally sprayed TBC 
production in order to improve the lifetime of the coatings and their ther-
mal performance.  It has been demonstrated that control of coating micro-
structure, through process development, can increase the performance of 
thermal barrier coatings. Additionally a newer deposition process, in the 
form of suspension plasma spraying; shows promising performance bene-
fits over conventional coatings for future applications.
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