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ABSTRACT 
This master thesis project was performed in collaboration with Scania CV AB, Engine Materials group. The purpose with 
the project was to investigate different ceramic TBC (Thermal Barrier Coating) thermal insulation properties inside the 
combustion chamber. Experimental testing was performed with a Single-Cylinder engine with TBC deposited on selected 
components. A dummy-valve was developed and manufactured specifically for this test in order to enable a water cooling 
system and to ease the testing procedure. The dummy-valve consists of a headlock, socket, valve poppet and valve shaft. 
Additionally, a copper ring is mounted between the cylinder head and the valve poppet to seal the system from 
combustion gases. Thermocouples attached to the modified valve poppet and valve shaft measured the temperature during 
engine test to calculate the heat flux.  

The TBCs consisted of three different materials: 7-8% yttrium-stabilized zirconia (8YSZ), gadolinium zirconia and 
lanthanum zirconia. The 8YSZ TBC was tested as standard, but also with microstructural modifications. Modifications 
such as pre-induced segmented cracks, nanostructured zones and sealed porosity were used.  

The results indicated that the heat flux of 8YSZ-standard, 8YSZ-nano and 8YSZ-segmented cracks was in level with the 
steel reference. In the case of 8YSZ-sealed porosity the heat flux was measured higher than the steel reference. Since 
8YSZ-standard and 8YSZ-sealed porosity are deposited with the same powder it is believed that the high heat flux is 
caused by radiative heat transfer. The remaining samples have had some microstructural changes during engine testing. 
8YSZ-nano had undergone sintering and its nanostructured zones became fewer and almost gone after engine testing 
leading to less heat barrier in the top coat of the TBC. However, for 8YSZ-segmented cracks and gadolinium zirconia 
lower heat flux was measured due to the appearance of horizontal cracks. These cracks are believed to act as internal 
barriers as they are orientated perpendicular to the heat flow. During long-time (5 hour) engine tests the 8YSZ-standard 
exhibited the same phenomena: a decrease in heat flux due to propagation of horizontal cracks. 

One-dimensional heat flux was not achieved and the main reason for that was caused by heating and cooling of the shafts 
outer surface. However, the dummy-valve system has proven to be a quick, easy and stable to perform tests with a Single-
Cylinder engine. Both water-cooling and long-time engine tests were conducted with minor issues. The dummy-valve has 
been further developed for future tests. Changes to the valve shaft are the most remarkable: smaller diameter to reduce 
heat transfer and smaller pockets to ensure better thermocouple positioning. Another issue was gas leakage from the 
combustion chamber through the copper ring and valve poppet joint. The copper ring will be designed with a 1 mm thick 
track to improve sealing, hence better attachment to the valve poppet. 
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Sammanfattning 
Detta examensarbete utfördes i samarbete med Scania CV AB, gruppen för motormaterial. Syftet med projektet var att 
undersöka olika keramiska beläggningars (TBC) värmeisolerande egenskaper inuti förbränningskammaren. Experimentell 
provning utfördes med en En-cylindrig motor med TBC deponering på utvalda komponenter. En ventilprob utvecklades 
och tillverkades för att möjliggöra ett vattenkylningssystem och för att underlätta prov utförandet. Ventilproben består av 
en huvudlock, hylsa, ventiltallrik och ventilskaft. Dessutom är en kopparring monterad mellan cylinderhuvud och 
ventiltallrik för att täta systemet från förbränningsgaser. Termoelement kopplade till modifierad ventiltallrik samt 
ventilskaft mätte temperaturen under motorprov som sedan användes för att beräkna värmeflödet.  
 
De olika TBCs bestod av tre olika material: 7-8% yttrium-stabiliserad zirkoniumoxid (8YSZ), gadolinium zirkonat och 
lantanum zirkonat. 8YSZ TBC testades som standard men också med olika mikrostruktur förändringar. Ändringar som 
segmenterade sprickor, nanostrukturerade zoner och förseglad porositet användes.  
 
Resultaten visade att värmeflödet av 8YSZ-standard, 8YSZ-nano och 8YSZ-segmenterade sprickor var i nivå med 
värmeflödet för referesstålet. Däremot var värmeflödet för 8YSZ-förseglad porositet högre än värmeflödet för 
referensstålet. 8YSZ-standard och 8YSZ-förseglad porositet är deponerade med samma pulver och det förmodas att det 
höga värmeflödet orsakas av överföring av strålningsvärme. 8YSZ-nano hade genomgått sintring och dess 
nanostrukturerade zoner blev färre och nästan försvunnit helt efter motorprovning, vilket leder till försämrad värmebarriär 
i toppskiktet av den keramiska beläggningen. I fallet gällande 8YSZ-segmenterade sprickor och gadolinium zirkonat 
observerades lägre värmeflöde på grund av uppkomsten av horisontella sprickor. Dessa sprickor förmodas verka som 
interna barriärer då de är orienterade vinkelrätt mot värmeflödet. Under lång tid (5 timmar) motorprov uppvisade 8YSZ-
standard samma fenomen: en minskning av värmeflöde mest troligt på grund av propagering/initiering av horisontella 
sprickor. 
 
Ett 1-dimensionellt värmeflöde uppnåddes inte och den främsta orsaken till det tros vara på grund av felaktig placering av 
termoelementen. Emellertid har ventilproben visat sig vara en effektiv, enkel och stabil prob för att utföra prov i en En-
cylindrig motor. Både vattenkylning och lång-tid körningarna genomfördes med mindre problem. Däremot har 
ventilproben vidareutvecklats för framtida prov. Ändringar i ventilskaftet är den mest anmärkningsvärda: mindre diameter 
för att minska värmeöverföring mellan de olika komponenterna och mindre fickor för att säkerställa bättre positionering 
för termoelementen. Kopparringen kommer att utformas med en 1 mm tjockt spår för att förbättra tätning och kontakt med 
ventiltallriken. 
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Abbreviations 
IC Internal Combustion 
CI Compression Ignition 
SI Spark Ignition 
BDC Bottom Dead Center 
TDC Top Dead Center 
aBDC After Bottom Dead Center 
aTDC After Top Dead Center 
TBC Thermal Barrier Coating 
TC Top Coat 
BC Bond Coat 
TGO Thermally Grown Oxide 
CTE Coefficient Thermal Expansion 
YSZ Yttrium Stabilized Zirconia 
APS Air-Plasma Spray 
EB-PVD Electron-Beam Physical Vapor Deposition 
PS-PVD Plasma-Spray Physical Vapor Deposition 
CVD Chemical Vapor Deposition 
LPPS Low Pressure Plasma Spray 
SPS Suspension Plasma Spray 
EDM Electron Discharge Machining 
SEM Scanning Electron Microscope 
ET1 Engine Test 1 
ET2 Engine Test 2 
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Symbols 
   Compression Ratio 
            Volume Combustion 
          Volume Cylinder 
   Isobaric Heat Capacity 
  Pressure 
  Mass 
  Heat Flux 
  Thermal Conductivity 
  Heat Energy 
  Work 
  Radius 
  Area 
  Diameter 
   Temperature Difference 
   X-length Difference 
   Error Propagation 
   Heat Transfer Coefficient 
   Temperature Surrounding 
  Temperature 
  Length 
  Density 
  Dynamic Viscosity 
  Momentum Diffusivity 
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Introduction 
In heavy-duty diesel engines emissions and other health affecting particles are heavily regulated. By improving fuel 
efficiency these emissions are reduced and power-output increased, i.e. higher engine efficiency. The most effective way 
to increase engine efficiency is to reduce heat losses. Present  heavy-duty diesel engines have an effective power-output of 
40-45% of all fuel energy, which is ineffective. The remaining energy are heat losses to the environment, of which 25% is 
due to exhaust gases, 25-30% to the coolant system and 5% to cover for the friction losses. Therefore, it becomes 
convenient to reduce heat losses, thus improve engine efficiency. 

Thermal barrier coatings (TBC) have been used for this purpose, to insulate the combustion chamber, thus retain the 
produced heat within the system. Since early 80’s TBCs has been one of the main topics regarding insulating properties, 
both within combustion engines but also in aerospace and motorsport industry. However, the efficiency of this three 
layered coating consisting of a ceramic top layer is affected by the harsh environment in the combustion chamber, service 
time and geometrical features such as thickness. Furthermore, TBC processing method has a major role in durability and 
working conditions of the coating. Microstructural and failure effects are highly dependent and different depending on the 
processing method. Air plasma spray (APS) which have been the deposition method used for the materials in the project is 
one of the most widely used methods with promising effect on the deposited coating. 

1.1 Objectives 
The objective of this study is to investigate thermal properties of different TBC materials in a harsh and demanding 
environment: the combustion engine. A comprehensive experimental testing in a single-cylinder engine will be performed 
with a stationary dummy valve system. The purpose is to evaluate the insulation effectiveness of different TBC materials 
and their microstructure evolution. 
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2 Theory 
2.1 Internal Combustion Engine – IC Engine 
IC engines are defined as thermal engines and their main task is to produce efficient work. The working media in IC 
(internal combustion) engines are fuel and air, but also retained combustion products. Reciprocating – piston engine is 
perhaps the most common type of IC engine and is used mostly for mobile applications (automobile, trucks, marine) but 
also for small industry applications. The mechanical mechanism consists of reciprocating movement of a piston connected 
to a crankshaft, which results in work-output. Energy sources frequently used are diesel and gasoline but other sources 
such as natural gas can also be used (Konrad Reif, 2011). 

There are numerous different combustion chambers with varying designs. The chamber design depends on engine size, 
speed and suitable application. High-speed engines are used in automotive industry in order to increase power-to-weight 
ratio, with a consequence increased fuel economy. In the case of heavy duty applications, such as heavy trucks or marine 
industry, slow running engines are preferred. These slow engines are less dependent on size and mass with the aim of 
economic benefits. However, a demanding task combustion chambers are facing is to decrease heat transfer in order to 
minimize engine ignition delay (Stone, 2012).  

Generally, two different types of engines are used for automobile and heavy truck industry; CI (compression ignition) and 
SI (spark-ignition). The main goal is to achieve high work-output combined with high efficiency. The efficiency for CI 
engine is approximately 42% at best with a typical operating pressure range of 1-200 bar (Konrad Reif, 2011). It is 
convenient to compare CI (diesel) and SI engines (gasoline). They are quite similar when it comes to basic mechanical 
mechanisms, in which a reciprocal movement is achieved with a piston and a crankshaft. The difference between these 
two engine types is evident in terms of operating and ignition, i.e. spark ignition and auto-ignition for SI and CI engines 
respectively. For these engine types, both two – and four stroke mechanisms can be designed for the piston (Stone, 2012,).  
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2.1.1 Four – Stroke Engine 

The four-stroke assembly requires four different steps in order to complete the combustion. It is partly based on valve 
movement which opens and closes the gateways. First step is characterized with air intake, in which intake valve moves 
toward BDC (bottom dead center) position, hence opening intake gateway. At this stage the piston is forced towards BDC 
caused mainly by the crankshaft but also due to filtered air. The compression stage compresses the air in the cylinder by 
moving the piston from BDC back to TDC (top dead center). Heating of air in this stage is a continuous process which 
causes auto-ignition of the fuel. However, it is necessary to reach temperatures higher than required for auto-ignition. As 
mentioned earlier, fuel and air are not pre-mixed prior to ignition for CI engines, and therefore, fuel will be injected when 
the piston is close to TDC position. Furthermore, the actual power/work stage is achieved in the expansion stage; Due to 
high pressure in the cylinder, the piston will be forced downwards toward BDC. High temperature and pressure expands 
combusted gases from the fuel to produce work upon the pistons by force in terms of pressure. Finally, exhaust valves 
opens in order to remove combustion products, and this occur simultaneously as the piston moves towards TDC 
(Jääskeläinen & K. Khair, 2014 – b). An illustration of all four steps can be observed in Figure 1. 

 
Figure 1: Illustration of four – stroke assembly. a) Intake, b) Compression, c) Expansion, d) Exhaust (Jääskeläinen & K. Khair, 2014 – b). 
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2.1.2 Combustion Process 

Combustion initiation is characterized with propagation of hot heat flames, which is a direct result of fuel-air ignition. 
There are different manners of flame propagation and it depends on the nature of mixing. As mentioned earlier, SI engines 
are spark-ignited by an external device, more commonly; electrode spark. A normal flame propagation is achieved when 
the flame propagation is continuous throughout the cylinder volume. This, however, requires no change in speed nor 
shape of the flame. In the case of CI engines auto-ignition, mixture ignition is highly dependent on build-up of sufficient 
pressure and temperature. Typical issues with high pressure combustion systems are in sense of comfort. Even though that 
high pressure is well suited for auto-ignition systems it contributes high noise and vibration (Taylor, 1985). One major 
issue regarding improper combustion progress in SI is knock, i.e. spark-knocking. Knocking is the result of combustion 
occurring too early: fuel-air mixture reaches ignition temperature without controlled flame propagation (SI engines). This 
leads to a rather drastic wave pulsation of high pressure forcing the piston towards BDC. Common damage mechanisms 
caused by knocking are wear of engine bearings and pistons (Sahu, Gupta & Dewangan, 2014), and other general 
damages due to high temperature peaks. In order to prevent, or at least decrease probability of knocking fuels with high 
ignition temperatures can be used.  

2.1.3 Combustion – CI Engines 

Combustion in CI engines is defined as a unsteady process, in which flame propagation occur spontaneously in different 
regions. Fuel is sprayed into the chamber by a single or multiple nozzles. The fuel-air mixture is heterogeneous, and is 
mostly controlled by the injection rate. Initially, ignition of combustion starts at one site, but since mixture is 
heterogeneous more ignition sites initiates shortly after the first one. As for SI engines, turbulence of air/flame 
propagation is essential for sufficient temperature and pressure build up. Therefore, in order to sustain desired spread 
motion high injection velocity is required. However, in a direct-injection system, the fuel is injected directly into the 
cylinder when the piston is located at TDC. That is, at the end of the compression stroke. A direct difference of 
combustion in CI and SI engines is the measured pressure. Compression ratio is higher for CI, often measured to 12-24:1 
(Saha – a). 

Combustion process in CI engines can also be characterized with three different stages, see Figure 2 and a brief 
explanation below: 

 Ignition Delay 

The ignition delay is defined as the time span between injection and combustion start. It can be expressed with time and/or 
crank angle. Ignition delay is due to chemical and physical reactions. Rapid mixture of fuel and air can be achieved by 
atomization of the fuel, leading to small droplets of fuel that easily mix. The chemical reactions is a key point of 
withdrawing stored energy in the fuel, and eventually convert it to heat. Point A-B in Figure 2 is when ignition delay 
occur, shortly before piston reaches TDC (top-dead center). A way to decrease ignition delay is to re-design the chambers 
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such that higher compression ratio is yielded. Increasing compression ratio will result in higher temperature and pressure 
build up before ignition. 

 Rapid/Uncontrolled combustion 

This region is within bTDC (before top dead center) and aTDC (after top-dead center), B-C. Pressure increases quite 
rapidly, hence rapid combustion. The rapid combustion is partly due to many droplets of fuel into air (from atomization) 
and the very high pressure build up at the end of compression stroke. As for SI engines, a knocking may occur, but in this 
case, it is quite different (Saha, a). The fuel self – ignites in diesel engines, so a characteristic ‘diesel knock’ can be heard 
when the fuel doesn’t reach sufficient temperature. However, Stone (2012). proposed possible ways to prevent this 
phenomena by using easy-ignited fuels, which is completely different compared to SI engines, or simply by decreasing 
ignition delay time  

 Controlled Combustion – and final combustion 

Controlled combustion is dependent on fuel-to-air ratio, C – D. However, CI engines can have work-output and be 
operated with ratios ranging between 0.14-0.90. Controlled combustion, D –, is sustained until all fuel has been used 
(Stone, 2012). 

 
Figure 2: : Three stages of combustion in CI engine (Stone, 2012). 
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2.1.4 Compression and A/F Ratio 

The compression ratio is the ratio of maximum to minimum volume of the cylinder. Maximum volume is apparent when 
the piston is located at the end stroke, BDC. Minimum volume, or more commonly; combustion chamber, specifies 
occupied volume when the piston is at TDC. For the sake of understanding, imagine the piston at BDC of the cylinder 
containing 1500 cc (1500 cc at BDC and 100 cc at TDC). When the piston moves towards TDC occupied volume reduces 
to 100 cc, which means that the compression ratio is 15:1. It is, however, difficult to maintain effective compression since 
valves and/or other ports have to be closed. Practically this is difficult to achieve and it requires well timed valve opening 
mechanisms. Further explanation of valve timing is not within the scope of this theory section. Observe equation 1) and 
Figure 3 regarding compression ratio (Heywood, 1988). 

   
                       

           

 1) 

 

 

Figure 3: Positioning of piston during motion, TDC and BDC (Jääskeläinen & K. Khair, 2014 – b). 
 

A/F ratio basically explains how much air is needed to burn fuel. The stoichiometric ratio of an ideal diesel combustion is 
14.6:1, which means that 14.6 kg air is required to burn 1 kg fuel. In terms of fuel consumption and emission this is of 
high importance. For CI engines, excess of air is preferred with as low fuel level as possible to ensure sufficient non-
combusted air (Konrad Reif, 2011, 559). Nevertheless, Guzzella & Amstutz (1988, 56) stated that the actual load of a CI 
is mostly controlled by the A/F ratio. Lean mixtures are preferred since they contain an excess amount of air compared to 
fuel. This leads to faster combustion due to high temperature and pressure. Their statement was further supported by 
Jääskeläinen & K. Khair (2014 – a), in which direct values of the ratio was expressed; 25:1 for regular CI and 160:1 for 
turbocharged engines compared to 14.6:1 for SI (Lassiter & Milby, 1978). However, the excess air does not participate in 
the combustion process, but instead it has an impact on increasing pressure as it is heated and compressed. 
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2.1.5 Diesel Engine – Compression Ignition Engine (CI) 

In general, CI produce high temperature in the combustion chamber by high pressure. Since the air is hot and compressed 
(increased temperature) the injected fuel evaporates. A characteristic aspect of CI engines is that auto-ignition is apparent 
due to high temperature – and pressure within the chamber combined with sufficient fuel-to-air mixture. Furthermore, 
temperature and pressure will increase as this heat is produced which results in work-output. At the time of ignition, fuel 
is injected directly into the cylinder. However, fuel and air mixture is heterogeneous where the enrichment of mixture is 
varied within the chamber, which results in combustion in different areas where sufficient fuel-to-air ratio is achieved. It 
is worth to mention that fuel and air mixture is diffusional, which means that the working fluid will mix throughout 
burning (Haworth & El Tahry, 1998). In SI engines, in which ignition is less dependent on high temperature and pressure, 
fuel is ignited by an external electrode spark. The working fluid (fuel and air) in SI engines is homogeneously pre-mixed 
prior to injection to provide desired flammability (Konrad Reif, 2011). 

2.1.6 Thermodynamics – Basic Cycles 

It is of importance to mention that internal combustion engines, whether two-stroke or four-stroke, are defined as 
mechanical cycle and not thermodynamic cycle. The internal combustion engine is a work-producing open-circuit system. 
However, in sense of comparison it is convenient to study standard ideal air systems, such as standard Diesel cycle. A 
drawback from this comparison is that air-fuel mixture cannot be treated as an ideal gas. In the standard Diesel cycle heat 
is added at constant pressure, instead of constant volume as is the case for Otto cycle. This results in high peak pressures 
if high compression ratio is present, in order to self-ignite. The situation of self-igniting is quite different when it comes to 
large engines (truck, marine); fuel is injected in a manner that constant pressure is prevailed. An illustration of the 
standard Diesel cycle can be observed in Figure 4. 

Heat is added at constant pressure which is the case of 2-3 process. Simultaneously volume ratio expands followed by a 
reversed isentropic compression until original volume is retained. Observe that applied work is achieved from two process 
steps; 2-3 in which heat transfer     is obtained and step 4-1 yields    . For the case of simplicity air is treated as a 
perfect gas, which results in constant specific heat capacity, see equation 2) and 3). 

               2) 
               3) 
The efficiency of an ideal Diesel cycle is determined with the addition and loss of heat which is  represents work, see 
equation 4). 

        
 

   

 
       

   

 4) 
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Figure 4: Illustration of standard Diesel cycle (Stone, 2012). 

An idealized and a more realistic cycle for a four – stroke engine can be observed in Figure 5. These cycles can be used 
for both CI and SI engines, as the mechanism is the same. Stage 1-0 indicate isobaric process, which is not realistic in 
terms of piston movement since the volume expands. Theoretically, in stage 1-2 (compression) ignition initiates. It is said 
to be isentropic but in real engine-run this is not the case since heat is distributed within the chamber, to the walls, piston 
and other components. However, as indicated, pressure increase in enormous in this stage. Continuing to the expansion, 
i.e. power stroke, energy from the fuel is converted to mechanical work. Keep in mind that during this stroke, piston is 
forced towards BDC, in which heat is lost to chamber walls, piston and friction. As in the case for compression, this stage 
cannot be said to be isentropic either. The ideal cycle resembles the realistic cycle but the conclusion is that the cycle does 
not operate under constant pressure nor volume (Stone, 2012). 

 
Figure 5: Realistic cycle for a four – stroke combustion engine (Stone, 2012). 
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2.2 The Diesel Engine – Emissions 
During an ideal combustion process, the diesel fuel is supposed to convert all its chemical energy into mechanical work. 
However, since diesel is based on hydrocarbon molecules an issue arises with the presence of pollutants. Formation of 
pollutants differs from the ideal retained combustion products, namely: HC (hydrocarbon), CO (carbon monoxide), NOx 
(mono-nitrogen oxide) and PM (particulate matter) instead of only CO2 (carbon dioxide) and H2O (hydrogen oxide, i.e. 
water). It is worth to mention that it is not only incomplete combustion of fuel that contributes to pollutants, but also 
numerous of fuel additives, lubrication oil within the chamber and operating conditions of the engine (high temperature – 
and pressure). Recently, organic compounds have been used as additives in CI engines in order to reduce NO x emissions, 
see section 2.2.2 for further explanation. Emission of environmental harmful pollutants, which consist in small factors, 
can however be decreased by numerous of additives and by highly advanced In-cylinder and post-treatment catalysts, see 
Figure 6. Fuel consumption is believed to be the main factor for beneficial improvements in health and fuel economy, by 
implementing state of the art engineering technology in improving engine efficiency and lowering engine- and vehicle 
base weight (Jääskeläinen & K. Khair , 2014 – c). Furthermore, recent studies have been performed on coated engines, 
which has excellent thermal insulation properties, low heat conduction and high chemical stability among other desired 
properties. The purpose is, of course, to sustain higher temperature in the combustion chamber. Studies by Quazi & 
Parashar (2015, 2) revealed exhaust temperatures of 700- and 500°C for TBC and non-TBC respectively. High exhaust 
temperature produced by TBC engine cause HC and CO oxidation, hence less pollutant. The influence of TBC will be 
further discussed in section 2.4.2. Observe Figure 7 for energy consumption distribution of conventional engine compared 
to insulated engine. 

 
Figure 6: Emissions of the diesel engine (Jääskeläinen & K. Khair , 

2014 – c). 

 
Figure 7: Energy consumption distribution of conventional engine 

compared to insulated engine (Quazi & Parashar, 2015). 
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2.3 Heat Transfer 
Heat transfer in IC engine is of utter importance due to high peak temperature of gas and the different modes of heat 
transfer. The situation in IC engine is rather complex, bearing in mind that maximum combustion temperature without any 
cooling exceeds the melting temperature of cast iron, steel and aluminum alloys. Flame operating temperature in IC 
engine is usually around 2500 K which makes it important to have sufficient cooling for cylinder head, cylinder, piston 
and valves. During the combustion process heat flux of 10 MW/m2 have been measured on cylinder walls, but the 
measured head flux varies depending on location caused by piston movement. In engineering perspective it is interesting 
to study regions of high heat flux which can lead to high thermal stresses and eventually cause thermal fatigue crack. But 
also, the overall engine performance and emissions. The engine work output will be reduced by higher heat transfer since 
gas temperature and pressure will decrease, consequentially amount of work-per-cycle reduces (Heywood, 1988). 

2.3.1 Conduction 

Molecules, independent of matter-type, have three types of energy formations; kinetic, rotational and vibrational. Energy 
transportation occur due to molecule motion, through solids and fluids. Molecule-to-molecule collision and temperature 
differences (fluid and solid) are main reasons for this type of heat transfer. The conductive heat transfer can be explained 
by Fourier’s law, see equation 4). In the case of one-dimensional temperature variation the expression is dependent on 
displacement (   , see equation 5). Generally, conductivity constant (k) is proportional to the total heat transfer and its 
value for insulation materials and metallic materials are around 0.1 and 1-10 W/mK respectively. The minus sign stands 
for heat transfer from higher to lower temperature. Some examples are heat transfer through cylinder head, walls and 
piston but also through engine block and manifolds (Borgnakke & Sonntag, 2008). 

 

        4) 
     

  

  
 5) 

 

2.3.2 Convection 

Convective heat transfer can be forced and non-forced. Forced heat transfer occur when forces other than gravity acts on 
the system, for example in an IC engine. Convective heat transfer is however, quite different compared to conductive. 
Heat is transferred through fluids in motion, both as fluids and in between fluid – solid surface contacts. The four strokes 
explained earlier in section 2.1.1 consists of intake, compression, expansion and exhaust. In each of these strokes 
convective heat transfer is present caused by piston movement and fuel/air motion in the chamber – leading to heat 
transfer between gases and cylinder head, walls, valves and piston. 

The heat transfer relation of flowing fluid and solid surface can be expressed with temperature (T-Ts) and a heat transfer 
coefficient (hc). In steady-flow the forced convection expression      can be written accordingly, see equation 6). 
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Depending on flow geometry the heat coefficient expression changes, see equation 7) for the most used expression in the 
case of pipes and plates. The heat coefficient equation is based on Nusselt (   

 
 , Reynolds, (   

 
  and Prandtl, (   

 
  

dimensionless numbers (Heywood, 1988). 

            6) 

 
   

 
             

   

 
 
 

 
   

 
 
 

 7) 

 

2.3.3 Radiative Heat Transfer 

Compared to convection and conduction, radiative heat transfer does not require a medium (fluid and/or solid). Two 
theories have been developed regarding radiative heat transfer; electromagnetic waves permitting heat propagation by 
Maxwell and heat propagation caused by discrete photons according to Planck. A common conclusion for both these 
theories is that bodies within a system, i.e. cylinder head, wall, piston among others, emit energy due to their body 
temperature and this is called thermal radiation. Air and vacuum are considered to be transparent, meaning that no thermal 
radiation is absorbed. But, exhaust gases like CO2 and CO are semi-transparent, which absorbs and emits thermal 
radiation. 

By applying Stefan-Boltzmann law it is possible to derive an expression of emitted radiative energy, and in this sense the 
expression is based on a ‘perfect’ body, i.e. ‘black’ body, see equation 8). Comparing equation 8) and 9) where the latter 
equation represents radiation energy of a ‘real’ body an extra factor is introduced. Emissivity is a material constant which 
varies from 0-1 depending on material type,   is Stefan's constant and Eb is energy transfer by emission of 
electromagnetic waves. 

          8) 
         9) 
The principle of radiation energy exchange between a surface and its surrounding can be observed in Figure 8. At the 
bottom a ‘real’ body, with its specific absorption and emissivity factor, temperature T and area A, is exposed to 
surrounding air. Now, as previously mentioned air is considered to be transparent which means that heat exchange with 
the ‘real’ body occur without any so called ‘barriers’. If, in any case one of the bodies is large enough compared to the 
other it can be assumed that its emissivity is equal to 1, hence ‘black’/’perfect’ body (Venkanna, 2010). 
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Figure 8: Radiative energy between a surface and its surrounding (Venkanna, 2010). 

 

 

2.3.4 Heat Loss 

Heat losses in IC engine decrease the work-output of the engine. In terms of energy dissipation, four different paths are 
concerned. About 40-45% of the governed energy is converted to useful work in a CI engine, that is; crankshaft work. 
Most of the energy is lost to exhaust gases (25%), cooling system (25-30%) and frictional losses (5%). However, it is 
possible to recover some of the lost energy, more precisely up to 10% by using heat recovery systems in the exhaust 
system. A schematic diagram of energy loss in CI engine can be observed in Figure 9. 

 
Figure 9: Diagram containing energy loss in CI engine. 

Fine and preferred piston movement is dependent on sufficient friction, especially at TDC where the piston is completely 
still for a short period. The heat loss is a direct consequence of energy loss, and by comparing CI and SI engines it has 
been pointed out that both efficiency and amount of work-output is higher for CI engines (Saha – b). 

 

 

Energy loss 

Exhaust gases - 25% Coolant system 25-30% Friction - 5% 

Useful crankshaft work 

Engine work-output 40-45% 

Combustion - 100%  
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A cross-sectional illustration of the piston, combustion chamber and valves can be observed in Figure 10 (Vargas, 2014). 
The red arrows indicate heat dissipation paths that leaves the cylinder caused by heat transfer. Approximately 50% and 
40% dissipates through the piston and cylinder head respectively. The valves in the system are already hot so they transfer 
less heat than other components. Furthermore, reduction of heat transfer through the piston can have positive effects on 
lubrication oil since less heat will be transferred to piston rings, hence lubricated areas. However, remaining 10% of heat 
is lost within the chamber to the liner (Borman & Nishiwaki, 1987). 

 
Figure 10: Cross-section of the combustion chamber and components within. Red arrows indicate heat dissipation paths (Vargas, 2014). 

  

 

2.3.5 Heat transfer – Combustion chamber wall 

A very relevant aspect of heat transfer is in fact the heat through the combustion chamber wall. Over the years many 
studies have been performed in this sense. Yamada, Emi & Ishii (2002) investigated the effect of adding a thin film 
thermocouple. They concluded that adhering a thin film on the wall do affect heat losses in a CI engine, but that the wall 
temperature was highly dependent on the thickness of the film. This resemble the idea of obtaining an adiabatic engine 
cycle conducted by Enomoto & Furuhama (1986). An engine with a ceramic layer with the purpose of reducing heat 
losses and increasing exhaust energy can be considered as a semi-adiabatic engine. 

In order to understand heat transfer through walls and the correlation of the different heat transfer modes (section 2.3) a 
basic one dimensional model can be used. Convection and conduction occur accordingly; due to high temperature 
combustion gas and the cooler chamber wall conduction occur through the wall. Forced convection is present in terms of 
transporting heat by either oil or water cooling systems. However, heat loss close to the chamber wall is evident due to 
thermal diffusivity and conductivity of chamber wall materials. Thus, increasing chamber wall temperature is possible by 
the addition of thermal barrier coating. Increased wall temperature is a direct result of energy and heat preservation within 
the system (Vargas, 2014).   
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Nevertheless, it is worth to point out that heat transfer in combustion chambers is very complex. Some factors that can 
explain the complexity are; turbulence in the cylinder, combustion process in terms of pressure and temperature, and the 
two major strokes; compression and expansion stroke (Spitsov, 2013). Further, it can be convenient to use a model for 
predicting heat flux. Wang & Berry (1985) constructed a model based on quasi-steady heat flux of heat transfer through 
cylinder wall and its cooling system, see Figure 11. It was concluded that the model is valid for measuring heat flux in IC 
engines with different material parameters and in-cylinder flows. 

 
Figure 11: Basic model of heat transfer across a wall (Wang & Berry, 1985). 
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2.4 Thermal Barrier Coating 
In harsh and demanding environments, such as gas turbine- and IC engines it is essential to control corrosion rate, 
oxidation and temperature gradient. Therefore, research of TBCs have developed rather dramatically since early 70's. The 
purpose of TBC is to improve durability of components in high temperature applications by acting as a protective layer on 
the substrate. A direct result of TBCs functioning is that engine efficiency of numerous applications increase as they can 
be operated at temperatures above melting temperature of the substrate (Xu & Guo, 2011). It was not until the 80's TBC 
got a major boost in development in scientific terms. During those years, the yttrium-stabilized zirconia (YSZ) was 
introduced, which is still used today among other rare-earth zirconias (Yonushonis, 1997). Since then, the interest of 
research has been to develop more efficient combustion engines. A major task is to lower fuel consumption and emissions 
without compromising the engine’s performance, therefore higher demands are required for materials used today 
(Beardsley & Happoldt, 1999). 

A TBC structure is multilayered and in this project two-layer TBC will be used. In order to obtain desired properties TBC 
structure consist of a bond- and top coat. The purpose of the metallic bond coat is to provide oxidation and corrosion 
resistance, but also preferable adhering to the top coat. On the other hand, the top coat has its purpose to enhance thermal 
properties, such as insulating. However, during engine test oxide layers may grow. Thermally grown oxide (TGO) grow 
between bond- and top coat and provides favorable adhesion between the two coats (Wang, Guo et. al, 2015). See Figure 
12 for an illustration of the TBC layers. 

 
Figure 12: Schematic illustration of a multilayer TBC system. The system resemble a sandwich structure with the TGO in between bond- 

and top coat (Clarke & Oechsner, 2012). 
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Common manufacturing methods are Air Plasma Spray (APS) or Electron-Beam Physical Vapor Deposition (EB – PVD). 
The manufacturing method seems to have a significant role in final TBC material, in which microstructure, failure 
mechanisms and general properties may be altered depending on method used. In the scope of this project, focus will be 
on zirconia and rare-earth metal zirconias; yttrium-stabilized zirconia, lanthanum zirconia and gadolinium zirconia. These 
three TBC materials will be used as top coat layers due to their excellent performance properties in terms of; chemical 
resistance, low thermal conductivity, desired strain tolerances and increased pore content during thermal cycling (Vassen 
et. al, 2010). The role of manufacturing method on final TBC product will be discussed in section 2.5. 

2.4.1 General properties and requirements 

In order to obtain desired properties some requirements have to be fulfilled. In Table 1 a list of material requirements for 
TBC is presented (Yilmaz (2010). It is difficult to find a material and/or coating that fulfill all these requirements, 
therefore, a multilayer (section 2.4) film structure is necessary. Low thermal conductive is needed to maximize thermal 
drop across the thickness of the coating. It has been reported that high- and low density structures deposited at various 
pressure rates yields thermal conductivity values of 6 and 1 W/mK respectively. Since the ceramic top coat layer is an 
insulator, it has a low CTE (thermal expansion coefficient). Most likely, top coat will have lower CTE compared to 
chamber wall material (and other engine components) which may cause CTE mismatch (Martin, 2012). The CTE 
mismatch is another cause of early failure and it has to be accommodated by high strain tolerances. In a recent study 
conducted by (Ekstrom, Thibblin & Tjernberg, 2015) lowest thermal conductivity was observed for 8YSZ, La2Zr2O7 and 
nano-8YSZ; 0.7, 0.8 and 1.3 W/mK respectively. 

Stability is also of high importance. The TBC must be thermodynamically stable when it is in contact with the bond coat. 
Chemical compounds within the combustion chamber, exhaust and manifolds must not react with the ceramic top layer 
compound. High melting temperature of TBC is required so that it can withstand the increased temperature due to its 
insulating property (Blomqvist, 2014). 

Table 1: Property and requirement of TBC (Yilmaz, 2010). 

Property Requirement 

Thermal conductivity High 
Oxidation resistance Stable 
Corrosion resistance Moderate – High 

Strain tolerance High 
Melting point High 
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Throughout this review of TBCs it has been noted that NiCrAlY is the most common metallic bond coat. In this 
experimental work a different bond coat will be used, more namely; FeCrAlY. According to (Bama.ua.edu) the main issue 
with TBC is due to thermal coefficient mismatch between bond- and top coat and bond coat toughness properties. On the 
other hand, Feuerstein & Knapp et. al (2007) said that the main TBC issues are governed by oxidation, in which 
delamination grew above bond coat and TGO layer. Even though that NiCrAlY seem to provide slightly better properties, 
both research groups spoke in favor of FeCrAlY bond coat in economical aspect, as it is cheaper than NiAl coatings. 
Yong & Yang (2003) investigated both types of bond coatings in high temperature environment. It appeared that NiCrAlY 
bond coat exhibits slightly better corrosion resistance. 

2.4.2 7-8 wt% Yttrium-Stabilized Zirconia (8YSZ) 

Prior to the large scale industrial use pure zirconia (ZrO2) was restricted to temperature regions below 950°C due to phase 
transformation from its displacive tetragonal to a monoclinic phase. The volume expansion caused by this transformation 
could reach up to 4% which caused failures, hence unreliable components. However, ZrO2 was still of interest for 
researches since it provide with excellent thermal properties, high hardness and good wear resistance. The ZrO2 has 
proven to stabilize with the addition of suitable oxides such as CaO, MgO, Y2O3, CeO2 and rare earth oxides. Initially 12-
20 wt% of Y2O3 was added to fully stabilize the zirconia but better performance was achieved with 7-8 wt% Y2O3. This 
combination was good enough for high temperature applications and produced low thermal conductivity materials. The 
melting point was increased to approximately 2700°C and a low density of 6.4 g/cm3. Even though that the advantages are 
many there are still some disadvantages. The major disadvantage was the operating temperature (<1200°C) for turbine 
engines and long-time operations, and the phase transformations of the metastable tetragonal to tetragonal + cubic and 
then to monoclinic. These transformations gave rise to formation of cracks in the coating. Hot corrosion is another issue, 
where studies in exhaust manifolds has proven that Y2O3 reacts with S, Na and V elements (fuel and exhaust gas) (Xu & 
Guo, 2011) 

Nanostructured 8YSZ with refined agglomerate morphology and very fine particle size (< 1µm) can be used to increase 
the strain accommodation. The nanostructured 8YSZ TBC is denser and consist of small regions of nano zones with 
particle sliding and micro-cracking. This results in a lower elastic modulus and less influenced by thermal stresses, 
leading to a more stable behavior during thermal cycling (Racek, Berndt & Guru, 2005). The dense structure provide less 
oxidation between top coat and bond coat which in turn results in higher spallation resistance (Keyvani & Saremi, 2012). 

8YSZ TBC with pre-induced segmented cracks deposited with APS (Air-Plasma Spray) has proven to emulate the 
columnar structure given by EB-PVD (Electron-beam Physical Vapor Deposition) process. A segmented top coat improve 
the in-plane strength during thermal cycling due to vertical crack opening. Opening of vertical cracks compensate the 
thermal mismatch between the top coat, bond coat and the substrate. However, a disadvantage is that segmented TBC will 
have an increased thermal conductivity due to vertical crack opening (Yu, Huang & Wang, 2016). 
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2.4.3 Rare-earth Zirconias  

As the highest operation temperature of YSZ TBC is approximately 1200°C a new strategy has to be used to push the 
limits. The rare-earth zirconias studied in this project are gadolinium- and lanthanum zirconia. Both of them have a 
pyrochlore structure with high phase stability at elevated temperatures. The thermal expansion coefficient is lower for 
gadolinium zirconia (10.4 * 10-6 K-1) compared to that of YSZ 11.6 * 10-6 K-1 (Gok & Goller, 2015), and thermal 
conductivity has been reported lower for the two rare-earth zirconias (0.65 and 0.8 W/mK respectively) compared to that 
of YSZ (0.8-1.2 W/mK). Another important property is the ionic conductivity: it is expected to reduce the oxygen 
propagation and the oxidation on the metallic surface, which is believed to be one of the main factors inf luencing the 
durability of a TBC system (Girolamo & Marra, 2014). Moreover, phase stability for the gadolinium zirconia and the fact 
that it does not have any volumetric phase transformation like YSZ makes it a perfect candidate for high temperature 
applications. The pyrochlore oxides has proven to exhibit higher sinter stability but lower intrinsic toughness properties 
compared to YSZ (Frommherz & Scholz, 2015). 

2.4.4 TBC – Influence on IC Engine 

Investigations regarding TBC’s functionality in decreasing heat transfer, hence improve engine efficiency and decrease 
fuel consumption is divided into two sides. In late 80’s Furuhama & Enomoto (1987) among others concluded that heat 
transfer within the combustion chamber was increased due to insulating barriers. Their conclusion was further approved 
by Woschni & Spindler (1987) caused by increment of convective heat transfer due to higher ceramic barrier surface 
temperature. On the other hand Alkidas (1989, 1-2) research revealed different results, such as lower smoke emission, 
shorter combustion duration and decreased heat transfer. Morel et. al (1989) followed the same path as previous author, 
concluding that zirconia – coated piston and cylinder head decreases heat transfer due to increased wall temperature.  

Convective heat transfer depends on in-cylinder gas- and cylinder wall temperature, so the thickness of TBC is of 
importance. Mendera – a (2000) based their studies on one-dimensional heat transfer and they concluded that an optimum 
zirconia TBC thickness exist for each convective thermal excitation frequency, see Figure 13. TBC thickness below 0.2 
mm appears to be most promising, in which swing temperature reach its maximum. Thicknesses above 0.2 mm may cause 
detrimental effects, such as decrease in thermal efficiency. 
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Figure 13: Fluctuation (swing) temperature as a function of coating thickness and convective excitation frequency (Mendera – a, 2000). 

Mendera – b (2000) investigated the influence of plasma sprayed zirconia coatings on diesel engine heat release. It was 
concluded that soot particles and their deposits on the coating surface contributes to increased radiative heat transfer. Soot 
has high absorbing capacity of radiation energy. This energy will be reradiated into the translucent ceramic layer, hence 
increasing temperature at ceramic/metal interface. Even if soot particles are excluded the ceramic layer is partially 
transparent to thermal radiation which makes it less effective during combustion when radiative heat transfer  is dominant. 
But, radiation of soot is 5 times larger in CI compared to SI engines. This combined with the fact that according to 
Borman & Ragland (1998) radiative heat transfer is accounted for 15-35 % of the total heat transfer makes TBC less 
effective for CI engines  

Contrary to research regarding increased fuel consumption, Bruns & Bryzik (1989) performed tests on heavy-duty Army 
Trucks. They recorded up to 37% fuel economy improvement by using yttrium – zirconia insulator at exhaust ports. As 
plasma spray zirconia is common in TBC research several researches continued studying these coatings. The results 
conducted by W.R Wade et. al (1984) and Parlak et. al (2004) revealed decrease in fuel consumption (4-7%) and increase 
in thermal efficiency (2%).  

Furthermore, Mendera – b (2000) performed tests on diesel engine with compression ratio 17:1 and operating speed 750 
RPM. It was noted that TBC was effective when convective heat transfer was dominant, that is; during compression and 
premixed burning. Other than that the tests confirmed what was stated earlier, an increase in temperature enhance heat 
transfer and generates fuel economy loss, see Figure 14. 
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Figure 14: Effective pressure as function of fuel consumption of conventional- and insulated engine (Mendera – b, 2000) 
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2.4.5 TBC – State of The Art 

Recently a study was performed on ‘temperature swing’ insulation coatings. That is, low heat conductivity and low heat 
capacity materials. It was stated that the main cause of heat loss in the combustion chamber was due to large temperature 
differences between the working gas and the wall surface. The conclusion was that heat loss can be decreased by applying 
‘temperature swing’ coating on the chamber wall, so that the temperature follows the transient gas temperature without 
heating intake air (Kosaka, Wakisaka et. al, 2013), see Figure 15 and Figure 16. It was, however, stated by Wong & Bauer 
(1995) that thin low heat conductivity- and capacity coatings are sufficient enough to prevent intake air heating during 
combustion, and simultaneously improve thermal efficiency properties. 

 
Figure 15: Gas and wall temperature (normal, traditional and ‘temperature 

swing’) (Kosaka et. al, 2013). 

 
Figure 16: Wall temperature of ’temperature swing’ coating (Kosaka 

et. al, 2013). 
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2.5 Coating Techniques 
Choosing an appropriate coating method can have desirable effect on composition, residual stresses, microstructure and 
economy. For industrial purposes mainly three different techniques are used: Physical vapor deposition (PVD), chemical 
vapor deposition (CVD) and thermal spray processes. Each of these techniques can be sub-classified based on energy 
source and desired application (Singh et. al, 1999). Sub-classified techniques frequently used are: electron-beam physical 
vapor deposition (EB – PVD), plasma-spray physical vapor deposition (PS-PVD), plasma-spray (APS) and low-pressure 
plasma spray (LPPS). 

2.5.1 PVD – Physical Vapor  Deposition 

The principle of physical vapor deposition (PVD) is to transfer a coating material by evaporation to vapor phase, which is 
then deposited on a desired substrate surface. There are numerous techniques of PVD, such as evaporation, ion plating, 
sputtering, electron beam (EB) and laser ablation. The heating device within the PVD chamber heats up the coating 
material and is common for all methods, see Figure 17 (Tucker, 2013). Conventional PVD is applied at temperatures less 
than 500°C compared to 1000°C for CVD (chemical vapor deposition). It appeared that lower processing temperature 
yields reduced residual stresses in the coating (Glaeser, 1992). 

As mentioned earlier, state of the art methods of TBC include PS-PVD and EB-PVD. The EB-PVD slightly differs from 
the traditional evaporation – PVD method, in which electrons are bombarded onto the target anode, e.g. YSZ coating, with 
a tungsten filament electron beam. High energy-electrons cause a gaseous transformation, leading to precipitation into the 
solid coating of the YSZ material (Lima & Zhu, 2013). 

Numerous of materials can be deposited, such as inorganic materials (metals, alloys, ceramics) with varying thicknesses 
from angstroms to millimeters. In the case of EB – PVD heat sources very high deposition rates has been achieved, 25 
µm/min (Bunshah, 1992). 

 
Figure 17: PVD vacuum chamber (Tucker, 2013). 
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2.5.2 APS – Atmospheric Plasma Spray 

Atmospheric Plasma spray is a sub-classification of thermal spraying techniques. Temperature of the spray can reach very 
high temperatures, up to 15 000 °C which cause  ceramic coating materials, e.g. YSZ, to a semi-molten state and facilitate 
attaching to the substrate in form of droplets (Lima & Zhu, 2013). High temperature is achieved when the carrier gas 
(argon with small proportions of hydrogen or helium) and powder material passes through an electric arc, which is so hot 
that both these constituents may reach plasma (Hutchings, 1992). The stream of liquid coating material passes through the 
gas nozzle and deposited onto the substrate with varying droplet size, see Figure 18. At contact with substrate surface 
deformation occur while the droplets are still in liquid state. Deformation of droplets are not uniform, in which small gaps 
in between each droplet is are formed. These gaps determine the degree of porosity in the structure, see Figure 19. 

 
Figure 18: Plasma spraying process (Batchelor & Lam, 2011). 

 
Figure 19: An illustration of droplet deformation and porosity (Batchelor 

& Lam, 2011). 

 
Plasma spraying can be used for most materials, including ceramics. However, the substrate material must be able to 
withstand such high temperatures, so in that sense polymers are excluded among other low melting point metals. Another 
critical performance property is bonding strength between coating and substrate, and it can be weakened by oxide 
contamination causing inclusions within the microstructure. 

Typical operating conditions of plasma spraying is high energy level and high impingement speed. Approximately 50 kW 
is used to maintain electric current in the plasma arc. The speed range at which molten droplets are ejected from the 
plasma is 300-600 m/s. Sufficient particle speed is crucial in order to avoid discrete droplets at the substrate surface. 
(Batchelor & Lam, 2011).  

APS appears to be the method used most frequently today. More recently a state of the art process, LPPS, has proven to 
deposit high quality bond coats. However, the process is still at research stage (Feuerstein & Knapp, 2008). The LPPS 
process is performed under controlled atmospheric conditions containing low oxygen content, hence low oxidation levels. 
Advantages of LPPS is the formation of uniform alumina TGO and low porosity of the bond coat, typically 1-2%. Lower 
porosity is most likely caused by higher impact velocity of particles under low atmospheric pressure, resulting in higher 
deformation at impact with less smaller gaps in between (Lima & Zhu, 2013). 
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2.5.3 Slurry 

The slurry process is divided into two different groups: Slurry plasma spray (SPS) and dip. In spraying, the slurry is used 
instead of powder while in dipping components are placed into a ‘bath’ of slurry mixture (17). A slurry mixture consists 
of desired ceramic powders and additives, such as solvents and binders. It is of interest to obtain well-dispersed and stable 
slurries which requires fine particles. Since heat is added the solvent will evaporate and at this stage the binder has its 
function to form a strong bond to the ceramic material. Slurry dip coating technique has its benefits because it is cost  
efficient, suitable for complex shapes and easy processing. Another important factor to be achieved is avoiding crack 
nucleation. Cracks in slurry dipped coatings occur due to shrinkage during drying and sintering process. Density of 
ceramic particle increase when sintered and this decrease the porosity. There are many ways of slurry dip processing, an 
example can be observed in Figure 20. The coating material is deposited on the substrate, which is mounted on a roller 
(Khaja-Abdul, 2008). 

 

 
Figure 20: Slurry dip process (Khaja-Abdul, 2008). 
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2.5.4 Sol – Gel  

Sol-gel technique is referred to a chemical synthesis of metal alkoxides that undergo sol-gel transition. Monomers are 
converted to a colloidal solution and acts as an predecessor for a given gel structure (metal alkoxides). The sol-gel 
particles can be made of materials in the range of discrete particles to continuous polymeric networks. Most often sol-gel 
processing is used to make glass-ceramic and ceramic materials, and both amorphous and crystalline structure can be 
obtained. However, depending on manufacturing factors such as heat treatment and precursors either powder or powder-
free process, see Figure 21. 

 
Figure 21: Sol-gel technique with different processing raw material, method and final structure (ASM International, 1995). 

Ceramics obtained from sol-gel process are in particular thin films and coatings deposited by dipping. Film thickness can 
be controlled by the oxide content and withdrawal rate. Generally, increasing the oxide content results in higher viscosity 
and increased film thickness. However, thick coatings are more difficult to obtain. The dipping process has to be repeated, 
without dry cracking, in order to get thicker coatings. Nevertheless, advantages of sol-gel technique are homogeneity, low 
processing temperature and high purity. Due to continuous stirring, filtering and distilling of the product solutions free of 
impurities are achieved (ASM International, 1995). 
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2.6 TBC – Microstructure 
Mechanical- and thermal insulation properties of advanced TBC systems differs in a characteristic manner depending on 
deposition method (section 2.5). In this section microstructure of TBCs deposited by various processing methods will be 
discussed and compared. 

2.6.1 EB – PVD  

The microstructure of EB-PVD TBCs provides high strain tolerances and low thermal conductivity due to its porous 
columnar structure (Sétif, Boivin & Lavigne, 2013), see Figure 22. The structure reveals a perpendicular orientation to the 
substrate with embedded pores within the structure with the purpose to improve thermal insulation. The columnar sheaves 
generated by EB-PVD move relative to each other thus accommodating the strain (Wellman & Nicholls, 2001), and are 
denser compared to the structure generated by APS. It has been revealed that the thermal conductivity is twice as large for 
EB-PVD compared to APS TBCs due to the structure differences (Wei, Guo & Gong, 2008). 

 
Figure 22: Columnar structure generated by EB-PVD. Pores within the structure (Wei et. al, 2007). 
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2.6.2 APS and LPPS 

The raw powder material is melted and deposited on the substrate with high speed. At impact particles will deform and 
solidify on the substrate. The particles will be flattened and form ‘splats’. These ‘splats’ are present in varying sizes 
depending on impact speed and forms a laminar orientation parallel to the substrate, see Figure 23. However, as 
mentioned previously (section 2.6.1) thermal conductivity is lower for APS TBCs compared to EB-PVD due to high 
porosity (Wei, Guo & Gong, 2007). It is believed that the high inter-splat porosity combined with a crack-like void 
network provide low thermal conductivity and strain tolerances (Xu & Guo, 2011). 

The microstructure generated by LPPS is more uniform and compact. It has higher level of purity and lower porosity 
compared to traditional APS TBCs (Li, Yang & Xing, 2010). In general, the structure is finer and has a smoother surface. 
Due to higher purity less inclusions and voids are seen, see Figure 24 (Xu & Guo, 2011). 

 
Figure 23: Laminar structure parallel to the substrate generated by APS. 

High porosity and presence of voids (Xu & Guo, 2011). 

 
Figure 24: Compact structure generated by LPPS. Lower porosity and less voids 

(Li, Yang & Xing, 2010). 
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2.6.3 Sol – Gel 

Sol-gel process is quite different from EB-PVD and APS yet presents similar microstructure to APS TBCs. The 
microstructure generated by sol-gel dip is isotropic with randomly distributed porosities (Pin, Ansart & Bonino, 2012). 
Several factors can influence the final structure and these are: condensation and evaporation rates, capillary pressure and 
opacity of the precursors. These factors makes it possible to modify the structure into desired pore size- and volume, 
surface area and thickness of the film (Brinker & Frye, 1991). Micro-cracks are quite normal in sol-gel TBCs which is 
believed to be caused by heat treatment, and not during solidifying, see Figure 25 (Viazzi, Bonino & Ansart, 2006).  

 
Figure 25: Microstructure with micro-cracks generated by Sol-Gel dip process (Viazzi, Bonino & Ansart, 2006). 
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2.7 Failure Mechanisms of TBC 
Broadly speaking, properties of TBCs are developed to serve as physical barriers, while structural alloys are supposed to 
exhibit desired mechanical properties. The degradation of coatings occur on two fronts: at the coating/gas side and at 
coating/substrate interface. Deterioration of the coated surface is caused by oxidation and/or hot corrosion when service 
temperature is below the melting temperature of the substrate alloy. At this temperature rise diffusion at coating/substrate 
interface plays a major role and becomes the dominating degradation region (www.nap.edu, 1996). 

In this section, failure modes regarding TBC and its manufacturing method will be discussed. In previous section (section 
2.6) it was concluded that the microstructure differs depending on manufacturing method, and microstructural differences 
results in dissimilar failure modes. 

2.7.1 Spallation 

Spallation in TBC is a direct result of poor adhering at TBC system interfaces. The most crucial interface is the TC/BC 
interface. Spallation is present when the ceramic TC is removed from the metallic BC by delamination. Removal of TC 
will accelerate failure mechanisms of the component by damaging metallic BC- and substrate. Ceramics do not have any 
‘self-healing’ mechanisms which makes spallation detrimental for continued insulating properties (www.nap.edu, 1996). 

2.7.2 Oxidation 

The TGO on the FeCrAlY BC that is to be used in this project will grow first at temperatures above 1000°C (Bose, 2011). 
Thus not expected in present experimental tasks since combustion temperature in a diesel engine is measured to 
approximately 700°C (Konrad Reif, 2011). However, it will still be discussed as it has a major role in TBC durability. 

Oxidation of the BC in a TBC system is related to coating failure. Growth of oxide scale at TC/BC- and BC/substrate 
interface will have an effect on TBC durability as it forms a protective TGO layer (usually the slow growing Al2O3) and 
simultaneously counts for generating failures in the system due to increased TGO thickness (section 2.7.4). Generally, the 
oxide layer will be spalled and re-formed repeatedly when only a BC is present (www.nap.edu, 1996). 

During high temperature cycling tests Al rate may be decreased in the BC. It is said that a desired concentration of 
alumina in the BC is above 8%. Falling below 8% concentration results in no formation of aluminum oxide, instead other 
oxides may form less protective spinels. Instead, oxidation rate of the substrate will be increased and cause premature 
failure. Due to this, the TGO layer will be thicken and pronounce delamination (Schlichting, Padture & Jordan, 2003). 

 

 

 

 

http://www.nap.edu/
http://www.nap.edu/
http://www.nap.edu/
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2.7.3 Hot Corrosion 

Hot corrosion is a chemical attack enhanced by sodium and potassium sulfates. These sulfates may enter the combustion 
chamber from the air and fuel mixture. Two forms of hot corrosion exist, mode 1 and mode 2: the two different modes are 
distinguished by their temperature range, 820-920 and 590-820°C respectively. In the case of a combustion chamber mode 
2 is of interest. However, hot corrosion can be prevented, or at least slowed down and kept at its initial. This is done by 
adding a proactive scale so that the corrosion does not delaminate and cause material loss of both coating and substrate. 
Protective layer consist of alumina or chromium, however, chromium is the preferred one due to its high temperature 
stability since alumina itself is not sufficient enough. 

In terms of EB-PVD and APS coatings a degradation mechanism has been seen. Salt vapor from dirty fuel or marine 
environments may be transported and condense onto the outer coating layer (Miller, 1986). However, if it turns out that 
the coating temperature exceeds melting temperature of the salt it can penetrate and link up with the pre-cracks and porous 
regions. 
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2.7.4 Crack and Delamination 

Tang & Xie (2013) and (Fan, Xu & Wang, 2014) among many others have stated that multiple surface cracking and 
interfacial delamination are the two main factors of TBC failure. Thermal stresses are believed to cause delamination from 
CTE (coefficient thermal expansion) mismatch between ceramic TC and metallic BC and thickening of TGO layer. 
Sufficient crack-linkage leads to severe delamination followed by spalling, i.e. final failure of the TBC (Yang, Zhou & 
Mao, 2008). According to Dong, Yang et. al (2014) spalling controls the durability of PS TBCs and is most common for 
lamellar structures at the ‘free space’ of the TC/BC interface at which bond strength is limited. As previously mentioned 
(section 2.6.2) pre-cracks in form of voids may be present. These pre-cracks will eventually propagate, coalesce and lead 
to failure. An indication of delamination severity can be determined with the amount of released strain energy. The stored 
energy of the adhered system will be released at poorly bounded interfaces as the crack grows (Fan, Xu & Wang, 2014). 
Xu, Fan & Song (2013) investigated the TC thickness and concluded that the delamination risk is greater for thicker TC, 
hence higher released strain energy. 

In general, cracks in APS TBC are either perpendicular or parallel to the lamellae. The latter crack propagation is usually 
accompanied with spalling (Dong et. al, 2014). However, perpendicular cracks which eventually leads to total failure 
caused by spalling has been observed during high temperature thermal cycling tests (Bargraser & Mohan, 2012), see 
Figure 26 and Figure 27. On the other hand, EB-PVD coatings are more dependent on the TGO. Thermal cycle tests at 
1000°C were conducted by Sridharan, Xie & Jordan (2004) at which TGO thickness increased. Consequently, larger TGO 
interface was obtained for longer test runs. It appeared that crack propagation was initiated at this interface and result in 
complete spalling, see Figure 28 and Figure 29. This conclusion was already made by previous researches in the early 
90’s by Bose & Marcin (1995) among others. 
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Figure 26: Cracks at TC/BC interface of APS TBCs (Dong et. al, 2014). 

 
Figure 27: Perpendicular cracks of APS TBCs results in total spallation 
(Bargraser & Mohan, 2012). 

 
Figure 28: TGO at TC/BC interface of EB-PVD TBCs after 10 cycles 

conducted at 1000°C (Sridharan et. al, 2004). 

 
Figure 29: TGO at TC/BC interface of EB-PVD TBCs after 300 cycles 

conducted at 1000°C (Sridharan et. al, 2004). 
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3 Experimental Method 
Throughout this project several experimental analyzing methods have been used. In this section a description of each 
method will be presented. Specifically, design description and engine setup including parameters are of importance. A full 
design description with assembly steps and limitations along with a few pedagogical figures will be presented. 

3.1 System Description 
An overview of a full assembly (dummy valve and cylinder head) can be observed in Figure 30 and Figure 31. 
Throughout this section each component and all modifications will be presented step by step. 

 
Figure 30: Top view of the dummy valve and the cylinder head. 

 
Figure 31: Cross-sectional view of the whole system with all 
parts. 
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3.1.1 Valve Shaft- and Poppet 

As the purpose is to investigate thermal insulation properties of different TBCs one of the original inlet valves has been 
removed and replaced with a modified one. The new valve-system has been divided into two separate components; a 
valve poppet and valve shaft. The valve shaft is dimensioned in order to fit into the unmodified valve train hole with a 
slightly smaller diameter to facilitate assembly and to prevent further modification to top-side of the cylinder head. The 
shaft is conically shaped at the bottom end for better fit to the valve poppet, see Figure 32. Along the entire shaft length 
grooves were machined for the glass-fiber covered thermocouple wires. Four holes intended for thermocouples were 
drilled horizontally through the shaft with a very small tolerance. A 18 mm deep and Ø9 mm hole is drilled from the top 
side of the shaft so that a water hose/pipe diameter of 6 mm can be covered, see Figure 33. 

 

 
Figure 32: Valve shaft. Grooves, holes for thermocouples and the 

conical area are visible. 

 
 

Figure 33: Illustration of the valve shaft constructed in CATIA V5 
with an inner diameter of 9 mm. 

The valve poppet and the valve shaft are further designed to minimize contact area. Smaller area of contact results in less 
heat transfer between the two components. Contact between the valve poppet and valve shaft is apparent when the two 
conical areas are in contact. Therefore, a smaller conical area was chosen compared to previous work (Pisasale, 2015), see 
Figure 34 and Figure 35. Compared to original valves this modified valve-system is thicker and wider. Eight Ø3 mm holes, 
with an angle of 45° in-between, were drilled to fasten the poppet on the cylinder head with screws the entire run time. 
For each valve poppet, three holes with a diameter of 1.15 mm and in-between distance of 3.25 mm were conducted with 
EDM (electro discharge machining) to host the thermocouples, see Figure 36. However, to maintain uniform poppet 
thickness a circular track with a certain depth was machined at which TBC was deposited, see Figure 37.  

 

 

Thermocouple hole 
Inner diameter, 9 mm. 
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Figure 34: Valve poppet with larger diameter at the top. 

 
Figure 35: Shaft mounted on the poppet. 

 

 
Figure 36: Cross-sectional illustration in CATIA V5. The vertical 

holes are used for the thermocouples. 

 
Figure 37: Bottom side of the valve poppet. TBC is deposited on 

the circular groove. 
 

 

 

 

 

 

 

 

 

 

 

 

Large diameter, no 
contact. 

Space between poppet 
and shaft. 
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3.1.2 Socket and Headlock 

On the top side of the cylinder head a socket is mounted. The socket has an inner diameter designed to fit the valve shaft. 
It is designed with excess material at two locations for support against cylinder head wall. The purpose of this is to reduce 
vibrational movement since this part is not to be removed during valve poppet- and shaft change. Its bottom side matches 
the cylinder head perfectly and its total height is dimensioned to not cover the whole shaft, see Figure 38 and Figure 39. 

Since the total length of the shaft is not covered by the socket it requires a reversed U-shape design of the headlock. The 
main purposes of the headlock is to; prevent the valve shaft moving upwards during run-time and facilitate assembly of 
valve shaft. On the top side of the headlock two holes are drilled for the water cooling system; inlet and outlet hole. The 
second hole (outlet) is drilled with an angle and coincides with the center hole, see Figure 40 and Figure 41. Detailed 
description of the water system is explained in section 3.3. 

The socket is attached to the cylinder head with two M8 (strength class 12.9) screws, and the headlock is attached to the 
socket with four M5 (strength class 8.8) screws. According to Essve (2015) these screws can withstand maximum applied 
force of 2.7 kN at 100% engine load, which corresponds to approximately 200 bar (combustion pressure) upon the valve 
shaft, i.e. pressure on socket and headlock. At 50% engine load the pressure is approximately 120 bar, see equation 10) 
and 11) for validation of screw durability. The cross sectional area at the bottom end of the shaft was measured to 
0.000133 m2. 

  
 

 
 10) 

 
                                   

11) 
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Figure 38: Socket used to host the valve shaft. The excess material 

is marked in red. 

 
Figure 39: Cross-sectional view constructed in CATIA V5. 

Diameter slightly larger than valve shaft diameter. 

 
Figure 40: Headlock mounted on top the shaft. Water inlet and 

outlet hose. 

 
Figure 41: Cross-sectional view constructed in CATIA V5. Shaft 

will come in contact at the area marked in red. 
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3.1.3 Cylinder Head 

The bottom side of the cylinder head was modified in order to make room for the valve poppet, eight threaded M3 holes 
and a copper ring. However, there were some constraints that had to be taken into consideration. The outer diameter of the 
modified valve poppet was determined by two distances; the two inlet valves and the distance between inlet valve and 
cylinder liner. Water cooling channels beneath the surface and the shape of inlet duct restricted not only size and length of 
the screws, but also the depth of the valve seat (the area at which the modified valve poppet is placed). 

Correspondingly to the valve poppet, eight threaded M3 holes were drilled on the cylinder head with a thread depth of 4 
mm. The depth was decided out of constraints mentioned above. Screw size M3 was preferred due to lack of space 
between outer- and inner diameter of the valve seat, see Figure 42 and Figure 43. The poppets were in-line with the 
combustion surface of the cylinder head, which gave no room for screws with large head. Therefore, countersunk M3 
screws were used, hence avoiding collision with the piston during run-time.  

A copper ring was used in order to prevent leakage from and to the combustion chamber and to obtain good heat transfer 
through the shaft. The machined track depth of the copper ring was slightly smaller compared to the thickness of the ring 
so that more copper material could be deformed, thus improve sealing, see Figure 43. 

Minor modifications were made to the top side of the cylinder head. A threaded M8 hole was drilled to have socket fixed 
and a second hole was already present, see Figure 44. At the short side of the cylinder head, at which the inlet manifold is 
mounted, three grooves were made for the valve poppet thermocouples. Moreover, this inlet duct leads to the fixed inlet 
valve and therefore closed, see Figure 45. 

 
Figure 42: Combustion side of the cylinder head. Modified valve seat with 

M3 threaded holes can be observed. 

 
Figure 43: Closer look on the modified valve seat. The copper 

ring (green) is placed at the inner section. 
 

M3 hole 

Copper ring position 

Copper ring 
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Figure 44: Top side of the cylinder head. A threaded M8 hole 

drilled and shown marked in red. 

 
Figure 45: Inlet duct to the dummy valve closed. Grooves 

prepared for the valve poppet thermocouples. 
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3.1.4 Assembly – Dummy Valve 

Assembly of the dummy valve can be seen in Figure 46 and Figure 47. Between socket and headlock a rubber plate with 
grooves (tracks for thermocouples) is placed for two reasons; act as sealing against oil and to protect the thermocouples 
when the two components are fastened. A schematic illustration and a cross sectional view of the system can be observed 
in Figure 48 and Figure 49. Finally, as shown in section 3.1, a complete assembly including the cylinder head can be seen 
in Figure 50 and Figure 51. Observe the excess material marked in red. The manufactured components were made larger 
so that they could be ground for perfect fit to the cylinder head and to ensure no contact with other components. 

 
Figure 46: Full assembly of the dummy valve. 

 
Figure 47: Reversed view of the assembly. 

 
Figure 48: Schematic illustration of the assembly constructed in 

CATIA V5. 

 
Figure 49: Cross-sectional view of the assembly. 
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Figure 50: Assembly of the dummy valve mounted on the cylinder 

head. 

 
Figure 51: Cross-sectional view of the system. Note the excess 

material marked in red arrow. 
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3.1.5 Swirl 

Since one of the inlet valves are closed and kept stationary the swirl will change. The swirl has an impact on the 
combustion and how the exhaust gases are formed. The vertical air flow along the centre axis of the cylinder changes 
when the two inlet valves are not working as they are supposed to. So, further modifications have been made on the inlet 
duct associated with the unmodified valve. It has been ground so that desired swirl was obtained. A schematic illustration 
of the air flow can be observed in Figure 52. The air flow around the centre axis decrease during compression- and 
expansion stroke due to friction (Heywood, 1988). 

 
Figure 52: Swirl motion and cylinder centre axis. 
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3.1.6 Measurement Accuracy 

Heat flux through the shaft is assumed to be one-dimensional. It requires constant area, thus thermocouples are positioned 
above the conical region of the shaft. As previously mentioned in section 2.3.5, conductive heat transfer model is used, 
see equation 12) and area calculation in equation 13). Temperatures T2 and T1 are measured by the thermocouples, A is 
the constant cross-sectional area and L is the distance between each thermocouple. On the other hand, thermocouple 
positioning on the poppet is more complicated. Area of interest is complex due to the geometry of the poppet. As a result 
of this it was decided to place the thermocouples 2 mm below the conical shape, see Figure 53.  

   
           

 
 12) 

        13) 
 

 
Figure 53: Position of thermocouples on shaft and poppet. 

The thermal conductivity is a material parameter which depends on temperature. For the steel used in this project, case 
hardened SS 2541, no such temperature dependent data has been found. Therefore, it was decided to use thermal 
conductivity data from a similar steel, 40CrMnMo7, to compute constants m (slope) and C, see equation 14). See Table 2 
for thermal conductivity data for this steel. 

Table 2: Thermal conductivity and its temperature dependency for 40CrMnMo7 steel. 

T (°C) k (W/mK) 
20 34 

250 33.4 
500 33 

 

 

 

 

 

2 mm A 

L 
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A linear relationship yields a straight line equation, see equation 12). With this equation, and the fact that conductivity (k) 
for SS 2541 steel at 20°C is 38 W/mK, both constants m (slope) and C can be computed. Inserting equation 14) into 
equation 12) (section 3.1.5) gives the final heat flux formula for error propagation calculations, see equation 15).  

 

        
 

14) 

   
       

    
  

   
 
           

 
 

 

15) 

However, the error propagation can be calculated as shown in equation 16). The    is the computed error of the heat flux 
and the     is the error on each variable. In this case three different variables contributes to the error: thermocouple (+/- 
1.5°C error), uncertainty from the valve shaft hole position (1.46 µm) and from the calliper used for area calculations (0.2 
mm). 

      
  

   
    

  

   

 
16) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 
 

3.2 Sample Preparation 
3.2.1 Deposition of TBC 

In this project APS was used as process method. TBC was deposited on 18 engine samples, of which four samples were 
valve poppets. Additionally, seven pre-analysis shafts (test samples) were prepared intended for XRD and microstructure 
analysis. TBC was deposited with varying thickness and material specification. Depending on desired material structure 
different powder was used. A full material and process specification can be observed in Table 3.  

Table 3: Full material specification and number of shafts/poppets from three different providers. 

 TBC shafts and poppets processed by Oerlikon Metco 

N. 
engine 

samples 

N. test 
samples 

Type Method  Bond coat Thickne
ss (mm) 

 Top coat Thickness 
(mm) 

 Powder 
specification 

6 1 Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 0.4  Spheroidal 
1  Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 0.2  Spheroidal 
1  Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 0.8  Spheroidal 
1 1 Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 

Sealed porosity 
0.4  Spheroidal 

1 1 Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 

+ 10 µm 
FeCrAlY 

0.4   
Spheroidal 

1 1 Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 
Nano 

0.4  Agglomerated & 
Sintered 

1 1 Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 
Segmented 

0.4  Spheroidized 

1 1 Shaft APS  FeCrAlY 0.1  La2ZrO7 0.4  Spheroidal 
1 1 Shaft APS  FeCrAlY 0.1  Gd2ZrO7 0.4  Spheroidal 
1  Poppet APS  FeCrAlY 0.1  8Y2O3-ZrO2 0.4  Spheroidal 
1  Poppet APS  FeCrAlY 0.1  8Y2O3-ZrO2 0.2  Spheroidal 
2  Poppet APS  FeCrAlY 0.1  8Y2O3-ZrO2 0.8  Spheroidal 
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To emulate present Scania valves it is desired to not have any height difference when the shaft is mounted on the poppet, 
i.e. completely flat surface. Therefore, TBC thickness on both shaft and poppet should be chosen accordingly. But, even 
though that poppet circular groove was machined with respect to shaft TBC thickness there was a small height difference. 
With that said, TBC thickness on the poppets was altered to obtain a good match, i.e. thicker TBC compared to groove 
depth. As a result of this, two valve poppets were deposited with 0.9 mm TBC thickness, see Figure 54. And as previously 
mentioned in section 3.1.3, countersunk screws were used which resulted in further modification of the valve poppet, see 
Figure 55. The holes on the bottom side (combustion side) of the poppet was further drilled with a larger bit to make room 
for the countersunk screws. 

 
Figure 54: Shaft mounted on the poppet. To minimize height 

difference between shaft and poppet thicker TBC is deposited on the 
poppet. 

 
Figure 55: Poppet holes are drilled to make room for countersunk 

screws. 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

3.2.2 Thermocouples 

The thermocouples were mounted on the samples after deposition of TBC. On the shaft, outer end of the thermocouple 
was welded and glued at the back and bottom inside the hole. Glueing and curing in oven at 150 °C was done 
simultaneously during two hours. In the case of valve poppets, the metal sheathed thermocouples were glued inside the 
flashed holes and cured in oven at 150 °C for one hour, see Figure 56 and Figure 57. Due to circular groove depth and 
TBC thickness of the valve poppets the distance of the thermocouples to the combustion chamber varies, see Table 4. 

 

 
Figure 56: Glass-fiber sheathed thermocouples on valve shaft to 

measure vertical heat distribution. 

 
Figure 57: Metal sheathed thermocouples on valve poppet to 

measure horizontal heat distribution. 
 

Table 4: Thermocouple position distance from the combustion chamber. 

Poppet TBC thickness 
(mm) 

0 (No TBC) 0.3 0.5 0.9 

Distance from combustion 
chamber (mm) 

3.57 3.47 3.37 3.57 
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3.3 Material Characterisation Methods 
The SEM (Scanning Electron Microscope) was used at Scania to analyse non-engine tested and engine tested samples. X-
Ray diffraction analysis was done in Luleå University of Technology (LTU). 

3.3.1 X-Ray Diffraction 

Phase constituents of the TBC samples were identified with a PANalytical Empyrean diffractometer with 1 degree 
divergence slit and a 10 mm monochromatic mask. Monochromatic CuKα radiation with 40kV and 45mA was used. All 
samples were analyzed between 20° and 90° to cover the whole spectrum with a process time of 15 minutes per sample. 
The results were investigated using HighScore-Plus software with a pattern standard given by LTU. 

Coin samples were prepared for X-RD analysis before and after engine test. The X-RD analysis was restricted to only 
three material types, see Table 5 for material specification.  

Table 5: Materials used for X-Ray diffraction analysis. 

TBC coin samples processed by Oerlikon Metco 

N. 
samples 

Type Method  Bond coat Thickness 
(mm) 

 Top coat Thickness 
(mm) 

 Total thickness 
(mm) 

1 Shaft APS  FeCrAlY 0.1  8Y2O3-ZrO2 0.4  0.5 
1 Shaft APS  FeCrAlY 0.1  La2ZrO7 0.4  0.5 
1 Shaft APS  FeCrAlY 0.1  Gd2ZrO7 0.4  0.5 

 

3.3.2 Scanning electron microscope 

The SEM (Scanning Electron Microscope) used for material characterisation was a Zeiss Sigma VP with Gemini field 
emission column. In this project all non-engine- and engine tested samples were analysed with low vacuum with a 
corresponding Secondary Electron (SE) detector. The cross-section of each sample was studied with the purpose of 
distinguishing any differences or changes within the structure prior and after engine test. Apart from the secondary 
detector the SEM is equipped with a Back Scatter Electron (BSE) detector and Energy Dispersive X-ray (EDX) detector. 
The two latter detectors were not used in this project. 
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3.4 Engine Test 
The engine test was performed at Scania in an Euro6 based Single-cylinder engine cell and it was conducted at two 
occasions; Engine test 1 (ET1) and engine test 2 (ET2). Engine test parameters and technical terms can be seen in Table 6. 
Start of injection (SOI) indicates the position (in degrees) of the piston aTDC when the fuel is injected. Amount of 
injected fuel is balanced to achieve 50% load and the remaining parameters are chosen according to normal highway-drive 
conditions of a heavy truck. The compression ratio was initially 20:1 (with Euro6 standard piston) but after lifting the 
cylinder head and liner (see section 3.4.1) compression ratio was reduced to approximately 18.5:1. 

Two different cooling systems were used; water and air cooling. A thermocouple in the water container measured outlet 
temperature, and in the case of air cooling the thermocouple was placed inside the outlet hose. The water flow rate was 
measured to 0.90 liter/min and the water was changed in-between runs for two reasons; to keep the temperature at 25°C 
+/- 0.5°C and to have clean water. The pressure for air cooling was set at 5 bar. In order to get a statistically value and to 
account for the measurement reliability three runs per shaft were conducted. Each run consisted of three measurement 
points. 

Table 6: Engine test parameters and technical terms 

Engine test SOI (deg) 
aTDC 

Engine 
velocity (rpm) 

Fuel (mg) Boost 
pressure 
(mbar) 

Exhaust pressure 
(mbar) 

Rail pressure 
(bar) 

ET1 and ET2 -3 1200 120 (50% Load) 980 980 1200 
 

Displacement Bore/Stroke Compression N. Valves Swirl number Injector system Injection 
2.123 130/160 18.5:1 4 (1 dummy 

valve) 
1.7 XPI 325 ppm 9 holes 

In terms of one-dimensional heat flux ET1 had its main purpose to find an optimal TBC thickness combination of shaft 
and poppet to fulfill this requirement. Therefore, different combination of shaft and poppet TBC thickness was tested. A 
sub-goal with ET1 was to try the new design and to determine whether water cooling or air cooling is preferable for 
further testing. 

ET2 testing procedure is based on the results obtained from ET1. As the material list in Table 3 (section 3.2.1) implies 
most of the advanced TBCs has a total thickness of 0.5 mm (bond- and top coat). Thus, the most suited valve poppet TBC 
thickness tested in ET1 will be used in ET2. However, it soon became apparent that high temperature resistant Teflon and 
PA12 hoses required silicon sealing which is time consuming. Therefore, a new water cooling system was developed and 
made ready for ET2, see Figure 58 and Figure 59. The new circular plate dimensions are chosen according to the socket 
and the headlock. The idea is still the same as with previous system, just that pipes are welded and made of stainless steel. 
On the bottom side grooves were machined to host rubber sealing rings. Due to these changes the cylinder head cover had 
to be modified. The two upper steel pipes goes through the cover and are connected to the water pump with PA12 hoses. 
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Figure 58: Top side of the new component. Welded pipes to improve 
sealing. 

 
Figure 59: Bottom side of the new component. Machined grooves 
intended for rubber sealing rings. 
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3.4.1 Engine Test Assembly 

A full engine test assembly was done in a few steps. Firstly, the socket has to be sealed with silicon prior to fastening. 
This requires at least 12 hours curing time. Meanwhile the copper ring and valve poppet on top of it were mounted. Next 
step was to attach the cylinder head to the Single-cylinder engine block and to connect air and exhaust manifolds, and as 
previously mentioned (section 3.1.3) one of the inlet ducts is closed. The shaft was placed through the socket and the 
headlock on top of it. In the case of water cooling with hoses silicon was used for sealing, and in the case of pipes the top 
circular plate was fastened with the headlock and socket, see Figure 60 and Figure 61. The last step was to connect all 
thermocouples to the test cell instrument, mount remaining components in the cylinder head and connect water 
hoses/pipes to the external water pump. Observe Figure 62 Figure 63 for a full assembly. 

 
Figure 60: Water cooling with silicon hose. 

 
Figure 61: Water cooling with steel pipes. 

 
Figure 62: Full assembly prior to engine test. Two hoses for water inlet and 

outlet. 

 

 
Figure 63: Full assembly prior to engine test. Two vertical steel pipes for water 

inlet and outlet. 
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Additionally, both cylinder head and liner were lifted approximately 0.7 mm to ensure no collision between piston and 
valve poppet. A metal plate constructed according to cylinder head sealing plate and shims were used to lift the cylinder 
head and cylinder liner respectively, see Figure 64 and Figure 65. 

 
Figure 64: The bronze sealing plate was placed on top of the metal plate. 

 
Figure 65: Shims used to lift the cylinder liner. 
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4 Experimental Result 
4.1 Thermocouple Calibration 
Calibration of the thermocouples was needed since the fluctuation within the uncertainty was significant for heat flux 
calculations. For each shaft the calibration was performed with a more accurate PT100 thermocouple within the region of 
the measured temperature during engine test. However, the PT100 reference thermocouple with a uncertainty of +/- 0.3 °C, 
had a maximum limit of 130 °C which ruled out calibration of temperature data obtained from position 1 thermocouple. 
So calibration in oven was made for three temperature regions and the PT100 uncertainty was used in error propagation 
calculations instead of thermocouple uncertainty mentioned in section 3.1.5. 

4.2 Engine Test 
The results from the engine test was evaluated with eight temperature points measured by seven thermocouples and one 
interpolated temperature, T5, see Figure 66. The purpose with the interpolated temperature was to get closer to the 
combustion chamber but maintain the constant cross-sectional area.  

A temperature analysis of TP1 (thermocouple poppet 1) and interpolated temperature T5 was made in order to find a 
desired TBC thickness on the valve poppet for further tests. The heat flux (q) was evaluated between two points on the 
shaft; 2-3, 3-4 and 2-4. Calibration of temperature data on shaft position 1 was not possible due to too high temperature 
range (see section 4.1), therefore all heat flux measurements from this point has been excluded.  

 
Figure 66: Positioning of all thermocouples and the interpolated T5 temperature. 
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4.2.1 Determination of Valve Poppet Thickness 

In ET1 (engine test 1) following combinations of valve poppet and valve shaft were tested, see Table 7. The red marked 
combinations are improper results due to: thermocouple error, gas leakage and fractured TBC. 

Table 7: Combinations of valve poppet and valve shaft TBC thicknesses tested in ET1. 

 
 

The raw temperature data obtained for shaft combination with 0.4, 0.8 and 0.2 mm respectively valve poppets can be seen 
in Figure 67, Figure 68 and Figure 69. For both 0.4 mm and 0.8 mm valve poppet highest temperature was observed with 
the reference shaft. In the case of 0.2 mm valve poppet temperature data obtained with reference shaft was excluded due 
to measurement errors, very fluctuating temperature data and broken thermocouples. 

The thermocouples on the valve poppets was further evaluated. Highest temperature was measured by the thermocouple 
closest to the valve shaft (TP1). A lower overall temperature was observed for 0.8 mm valve poppet which is an indication 
that there is no significant impact on the temperature profile when using 0.4 mm and reference shaft, see Figure 70.  
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Figure 67: Raw temperature data for 0.4 mm TBC valve poppet combined 

with all shafts. 

 
Figure 68: Raw temperature data for 0.8 mm TBC valve poppet combined 

with 0.4 mm and reference valve shaft. 

 
Figure 69: Raw temperature data for valve poppet PB combined with shafts 

0.4 mm TBC shaft. 

 
Figure 70: Raw temperature data for valve poppets; PC and PD with 

respect to thermocouple position TP1, TP2 and TP3. 
 

The idea with choosing a proper valve poppet TBC thickness was to reduce the horizontal heat flux. As mentioned earlier 
(section 3.1.5) one-dimensional heat flux was desired with concentrated vertical heat flux up through the shaft. Therefore, 
the measured temperature on the valve poppet (TP1) closest to the valve shaft and the interpolated temperature (T5) were 
used to investigate the heat flow. The temperature difference Δ(TP1-T5), gives an indication of how high 
horizontal/vertical heat flux is. Further, a lower Δ(TP1-T5) results in small temperature difference of TP1 and T5, which 
means that the horizontal heat flux is reduced. 

The lowest Δ(TP1-T5) was measured for 0.4 mm valve shaft TBC thickness with valve poppet TBC thickness of 0.4 and 
0.8 mm respectively, see Figure 71. Even though that the latter combination had the absolute lowest Δ(TP1-T5) it was 
still decided to conduct further tests with 0.4 mm TBC thickness on both valve poppet and valve shaft. A smaller 
thickness has lower risk for crack initiation and other damage mechanisms. 
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Figure 71: Lowest ΔT(TP1-T5) for 0.4 mm valve shaft TBC thickness marked in red. 
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4.2.2 Heat Flux Measurements 

The heat flux was evaluated with the resultant temperature data from the engine tests. A small deviation from a straight 
line was obtained, see Figure 72. It can be caused by: measurement errors, non-steady-state temperature gradient, high 
fluctuation within thermocouple measurement uncertainty and/or positioning error of the thermocouples. Post-calibration 
of thermocouples was made (see section 3.5.1) and temperature profile scatter between all measurements for each 
individual shaft was very small which implies steady-state temperature gradient. An illustration of the scatter for the 
reference shaft can be seen in Figure 73. The data points are taken from the first measurement for each engine run. 
Temperature data for the remaining shafts can be observed in Appendix 8.1. 

 
Figure 72: Raw temperature data for the reference and 8YSZ-standard TBC 

shaft. 

 
Figure 73: Temperature scatter for the reference shaft. The data is taken 

from the first measurement for each engine run (3 runs in total). 
However, the measured heat flux q2-3 and q3-4 can be seen in Figure 74. The heat flux has a one-dimensional behavior 
with minor decrement for three shafts: 8YSZ-sealed porosity, 8YSZ-nano and lanthanum zirconia. The remaining shafts, 
in particular 8YSZ-segmented cracks and reference shaft, exhibited unreasonable heat flux values. The third thermocouple 
was positioned at 14 mm from the combustion chamber, and the temperature obtained from this thermocouple has an 
effect on both q2-3 and q3-4. Thus, it is most likely improper thermocouple positioning that accounts for the undesired 
heat flux behavior. 
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Figure 74: Heat flux measurement q2-3 and q3-4 for all shafts. 

 

An X-Ray analysis was made on all shafts in order to investigate thermocouple positioning. It appeared that for 
specifically steel reference and 8YSZ-segmented crack shaft third thermocouple had false position, see Figure 75 and 
Figure 76. The assumption was that all thermocouples were poorly positioned, not only the third. Therefore, an 
approximate error caused by thermocouple positioning was made. Based on the X-Ray analysis a worst case positioning 
was found. All thermocouples exceeding this limitation were excluded. Further, the error corresponded to 0.25 mm which 
gave an error of 3.18 % of the length between two positions, 8 mm. So, the final heat flux result is based on position p2-4, 
which corresponds to twice the length compared with previous results and an additional error caused by thermocouple 
positioning, see in Figure 77. However, a diagram of the final heat flux for all tested shafts and their error can be observed 
in Figure 78. See Appendix 8.2 for a complete error propagation. 

 
Figure 75: False positioning of thermocouples on the reference 

shaft. 

 
Figure 76: False positioning of thermocouples on the 8YSZ-

segmented cracks TBC shaft. 
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Figure 77: Heat flux measurement between position p2-4. 

 

 
Figure 78: Calculated error for the heat flux measured between position p2-4. 
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4.2.3 Long-Time Engine Test 

The heat flux measured between position 2-4 for 8YSZ-standard, gadolinium zirconia and lanthanum zirconia can be 
observed in Figure 79. Within the first 30 minutes heat flux decreased for 8YSZ-standard, but stabilized beyond this point.  
For gadolinium zirconia heat flux decreased throughout the entire engine test. However, this heat flux drop might be 
explained by changes in the microstructure during testing. For lanthanum zirconia heat flux fluctuation was observed, 
which was most likely due to measurement errors caused by minor drops in fuel level during testing.  

 
Figure 79: Heat flux for all long-time tested TBC shafts. 
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4.2.4 Microstructure 

8YSZ-segmented cracks coating deposited with agglomerated and HOSP (spheroidized) powder had cracks from the 
surface to a depth of 60-90% of the top coat thickness. Vertical cracks appeared with varying thickness and branched 
horizontal cracks, see Figure 80 and Figure 81. The horizontal cracks were approximately 10-60 % shorter than vertical 
crack length but long enough to enable connection between vertical cracks. Samples investigated after engine test showed 
enlarged horizontal cracks with both parallel perpendicular branches, see Figure 82 and Figure 83. 

 
Figure 80: Vertical cracks in a non-engine tested 8YSZ-segmented 

crack TBC. 

 
Figure 81: Vertical cracks in a non-engine tested 8YSZ-segmented 

crack TBC. 

 
Figure 82: Vertical cracks in an engine tested 8YSZ-segmented crack 

TBC. 

 
Figure 83: A large horizontal crack with branches in an engine tested 

8YSZ-segmented crack TBC. 
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The agglomerated and sintered powder used to deposit 8YSZ-nanostructured TBC had larger zones of incompletely 
melted powder prior to engine tests. A shell of a few microns of molten powder covered these zones contributing with a 
dense structure, see Figure 84 and Figure 85. Intrasplat cracks both within and outside the nanostructured zone was 
irregular and disordered. The small cracks within the zone had a branching effect which led to crack propagation. Engine 
tested samples had a smaller nanostructured zones with less visible intrasplat cracks due to sintering, see Figure 86 and  
Figure 87. 

In the 8YSZ-sealed porosity TBC the surface had initially a much denser structure with less pores and crack formation., 
see Figure 88 and Figure 89. The harsh environment in the engine initiated cracks at the surface followed by highly 
propagated horizontal intersplat crack formation with branched intrasplat cracks. Other than that, the structure was similar 
to the standard and nanostructured 8YSZ TBC; a porous structure with globular pores and inter- and intralamellar pores, 
see Figure 90 and Figure 91. 

 
Figure 84: Overview of a non-engine tested 8YSZ-nano TBC. 

 

 
Figure 85: A nano zone of a non-engine tested 8YSZ-nano TBC. 

 
Figure 86: Overview of a engine tested 8YSZ-nano TBC. 

 
Figure 87: A nano zone of an engine tested 8YSZ-nano TBC.  
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Figure 88: Overview of a non-engine tested 8YSZ-sealed porosity 

TBC. 

 
Figure 89: Top coat surface of a non-engine tested 8YSZ-sealed 

porosity TBC. 

 
Figure 90: Overview of an engine tested 8YSZ-sealed porosity TBC. 

 
Figure 91: Horizontal cracks beneath the surface of an engine tested 

8YSZ-sealed porosity TBC. 
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The TBC shafts that were long-time engine tested exhibited different crack propagation. For the two rare earth TBC:s, 
gadolinium and lanthanum zirconia, severe crack propagation occurred, covering a length of 40-60% of the entire top coat 
length. As these three shafts were run with the standard engine test setup prior to long-time runs it is difficult to determine 
whether the long cracks were formed there or during the long-time test. The long cracks had different initiation points, 
where for gadolinium zirconia it was initiated well beneath the surface close to the bond coat and at the surface for 
lanthanum zirconia, see Figure 92, Figure 93, Figure 94 and Figure 95. Furthermore, a less porous structure was seen for 
both gadolinium and lanthanum zirconia compared to the standard 8YSZ structure. The standard 8YSZ experienced 
horizontal crack propagation after the engine test. The cracks had grown close to bond coat/top coat interface from minor 
cracks to a length of approximately 120 µm, see Figure 96 and Figure 97. 

 
Figure 92: Crack initiated at the surface for a long-time engine tested 

lanthanum zirconia TBC. 

 
Figure 93: Crack in higher magnification for a long-time engine 

tested lanthanum zirconia TBC. 

 
Figure 94: Crack initiated close to the bond coat for a long-time 

engine tested gadolinium zirconia TBC. 

 
Figure 95: Crack in higher magnification for a long-time engine 

tested gadolinium zirconia TBC. 
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Figure 96: Crack close to the bond coat for a long-time engine tested 

8YSZ TBC. 

 
Figure 97: Crack close to the bond coat for a long-time engine tested 

8YSZ TBC. 
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4.2.5 X-RAY Diffraction 

The X-Ray analysis result of non-engine tested 8YSZ-standard, gadolinium zirconia and lanthanum zirconia can be seen 
in Figure 98, Figure 99 and Figure 100. The structure of gadolinium and lanthanum zirconia was cubic both before and 
after engine test. In the case of 8YSZ-standard a tetragonal structure was observed. The X-Ray diffraction analysis did not 
reveal any difference between non-engine and engine tested samples. This means that the engine environment at 50% load 
did not have any effect on the crystal structure, i.e. no changes in the crystal structure. However, a minor deviation from 
standard pattern list given by LTU was observed for gadolinium and lanthanum zirconia. Specifically, lanthanum zirconia 
had two small peaks at 32 and 46° respectively which were not observed in the standard. The same occurred for 
gadolinium zirconia but at 28 and 56° respectively. 
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Figure 98: X-Ray analysis for 8YSZ-standard. All peaks has an orientation corresponding to tetragonal crystal structure. 

 
Figure 99: X-Ray analysis for lanthanum zirconia. A cubic structure with two small peaks (black arrow) that were not included in the 

standard. 

 
Figure 100: X-Ray analysis for gadolinium zirconia. A cubic structure with two small peaks (black arrow) that were not included in the 

standard. 
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5 Discussion 
5.1.1 Engine test setup 

The improvements made on the dummy valve worked well. Splitting the cover into two parts did save a lot of assembly 
time resulting in more conducted engine tests. However, issues with oil and gas leakage from the cover/headlock gap and 
the copper ring/valve may have influenced the results. The valve poppet assembly and its connection to the copper ring 
seemed to be a huge problem in ET2, at which sufficient attachment was not achieved until the very last days of the 
scheduled test period. Some damage did occur on the first choice valve poppet (TC 0.4 mm top coat TBC thickness) and 
the continuous assembly and disassembly caused damage to the thermocouples. Therefore, late in ET2 it was decided to 
go through with valve poppet TD 0.8 mm top coat TBC thickness. 

The water cooling system fulfilled its purpose: cooling and providing better heat transfer through the shaft. Throughout 
ET2 measured temperature in shaft position p1-4 decreased with approximately 60-80°C compared to temperature data 
from ET1. It is believed that this temperature drop was due to two reasons: homogeneous water distribution by using a 
straight steel pipe and less gas leakage due to improved contact between copper ring and valve poppet.  

5.1.2 Heat Flux and Microstructure 

Unfortunately heat flux measurements did not go as planned. But the most reliable measurements are based on heat flux 
between position p2-4. The heat flux q2-4 is basically a mean value of q2-3 and q3-4 and for most shafts the heat flux was 
similar to the one measured by steel reference shaft. It is however, important to discuss changes in the microstructure to 
draw a final conclusion on the heat flux. 

The heat flux measured with 8YSZ-standard shaft is lower than for the reference shaft. A higher decrease was expected 
with 8YSZ-standard shaft. Air gaps (cracks) formed close to the bond coat of the engine tested 8YSZ-standard shaft is one 
explanation for this decrease. Other reasons have previously been discussed by researchers, at which it have been stated 
that an increase of heat flux with TBC:s was due to transparency to thermal radiation. Mendera – a (2000) conducted 
experiments of deposited soot on the TBC surface which resulted in loss of reflective properties. The lack of reflectance 
resulted in higher TBC/substrate interface temperature compared to steel reference, hence heat barrier effectiveness to 
thermal radiation was reduced.  

8YSZ-sealed porosity had highest heat flux value. This might be caused by the horizontal and intrasplat cracks initiated at 
the dense surface, at which the damaged area increase the thermal conductivity. However, Miller & Brindley (1990) also 
mentioned air gaps. They stated that flat pores perpendicular to the heat flow at the top coat surface act as air gaps which 
decrease thermal conductivity. It was further stated that the key factor of thermal conductivity increment is due to 
delamination close to the bond coat. Nevertheless, the high heat flux may also be caused by engine test setup, 
measurement errors and radiation transparency. 
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The vertical cracks observed in the 8YSZ-segmented cracks TBC did not get larger after engine test. They would most 
likely grow if the tests were conducted over a longer period. Even though that the heat flux was similar to the 8YSZ-
standard and reference shaft it was still much lower compared to the surface cracked 8YSZ-sealed porosity. The vertical 
cracks in this structure are pre-induced deposited with high surface (substrate) temperature and higher impact velocity. 
The idea is to release stored elastic energy so that elastic modulus decrease, which is done by implementing cracks in the 
structure before thermal cycling. The horizontal crack branching seemed to occur rather randomly, but neither vertical nor 
horizontal cracks penetrated the bond coat. Karger & Stöver (2011) stated that very dense structures increase crack 
propagation rate due to high elastic modulus, which means that a proper top coat density has to be used so that horizontal 
cracks can form. 

In the long-time engine tests heat flux for 8YSZ-standard TBC was in level with gadolinium zirconia but lower than 
lanthanum zirconia. Comparing these results to the water cooled engine tests conducted over much less time a huge 
difference was observed, at which gadolinium zirconia had the lowest heat flux. The horizontal cracks, i.e. air gaps, 
observed in 8YSZ-standard were perpendicular to the heat flow and acts as barriers to reduce the thermal conductivity. In 
the case of the two rare-earth zirconias there were no indication heat flux change based on long-time heat flux 
measurements. Therefore, it may be that the large cracks in both gadolinium and lanthanum zirconia were formed in the 
short-time (water cooled) engine tests. This can in fact can explain why the heat flux was lowest for gadolinium zirconia 
in the short-time tests. The large crack that initiated from the surface for lanthanum zirconia is, however, more difficult to 
explain. One explanation can be that the sample was damaged during sample preparation. 

The purpose with X-Ray analysis was to determine whether free sub-oxides, ZrO2, were present and if engine parameters 
caused any changes in the crystal structure. There were no changes in the crystal structure since temperature during test 
was not high enough. Gao, Guo, Wei & Li (2015) investigated the influence of monoclinic ZrO2 and they concluded that 
this phase decrease with increased deposition spray distance. However, there were no signs of this monoclinic phase in 
8YSZ-standard, gadolinium zirconia and lanthanum zirconia. The small peaks observed in gadolinium- and lanthanum 
zirconia are most likely due to incomplete and/or outdated pattern standard. 

 

 

 

 

 

 

 



80 
 

6 Conclusion 
 Engine test setup 

The test setup fulfilled its purpose in reducing assembly time. In ET2 the overall temperature for both shaft and poppet 
was lower compared to ET1 due to two reasons: decreased gas leakage from copper ring/valve poppet caused by 
improved attachment, and water cooling with a straight pipe line instead of a bended Teflon hose, hence a more 
homogeneous water distribution within the shaft. 

 Engine test  

Valve poppets containing top coat thickness of 0.4 (PC) and 0.8 mm (PD) respectively were the two chosen as they 
favoured vertical heat flux when tested with different valve shaft top coat thicknesses.  

The results show that the vertical heat flux measured between p2-4 was lowest for gadolinium zirconia, highest for 8YSZ-
sealed porosity and more or less equal for the remaining shafts. A one-dimensional heat flux behaviour was only observed 
for 8YSZ-nano. The issue with thermocouple positioning was the main factor for the observed gap between q2-3 and q3-4. 
Other problems that have affected the results are oil and gas leakage from the cover/headlock joint and poor attachment 
between copper ring and valve poppet. 

Short-time tests resulted in similar heat flux of 8YSZ-standard compared to the steel reference due to thermal radiation. 
The semi-transparent structure has poor reflective properties. The thermal radiation and the horizontal surface cracks in 
8YSZ-sealed porosity may be the explanation for the high heat flux value. 

The initial heat flux decrease observed for 8YSZ-standard during long-time testing was due to horizontal cracks close to 
the bond coat. Horizontal cracks in long-time tested gadolinium zirconia had an effect on the heat flux. Due to the low 
thermal conductivity for gadolinium zirconia measured after short-time time engine tests it is believed that the horizontal 
cracks were initiated and further developed during the long-time engine tests. Large cracks were also the case for 
lanthanum zirconia but with cracks initiated at the surface. Damage and crack growth may have occurred during sample 
preparation. 

 Microstructure and X-Ray Diffraction 

The microstructure has a major role in controlling and maintaining thermal conductivity. Vertical cracks in the 8YSZ-
segmented cracks TBC had a positive effect on reducing residual stresses. Sintering occurred in 8YSZ-nano TBC at which 
nanostructured zones became dense and reduced in size after engine test. Horizontal cracks located within the top coat 
and/or close to the bond coat act as air gaps, i.e. additional heat barrier and reduces the heat flux. 
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X-Ray analysis revealed were no difference in crystal structure for non-engine tested and engine tested samples. The 
temperature during test was not high enough to cause any changes in the crystal structure. There were no signs of 
monoclinic ZrO2 phase. 

7 Future work 
For future engine tests changes have been made on the valve shaft, headlock and the copper ring. The valve shaft diameter 
will be 1 mm thinner except at the conical area and at the top. A total number of six thermocouple will be used, three 
thermocouples positioned vertically at which the first one will be positioned 8 mm from the combustion chamber followed 
by 5 mm between each thermocouple. The remaining three thermocouples will be positioned 180° from the others. With 
these design changes it will be less difficult to achieve desired thermocouple position, and a decrease of final error is 
expected by a factor 3.  

The reduced valve shaft diameter ensures less/no contact with the cover and the valve train duct, hence less heat transfer 
to the valve shaft. However, the considerable uncertainty regarding scatter and unreliable temperature data brought by 
thermocouples close to the valve shaft surface might be an issue. It is believed that sufficient sealing with silicon adhesive 
can act as heat barrier to the thermocouples, but also provide sealing against potential oil leakage. 

Further, oil leakage is another issue that has been dealt with. A spacer has been manufactured which is supposed to be 
mounted between the cover and the headlock. Instead, the rubber plate will be in the joint of the spacer and the headlock. 
This is assumed to decrease amount of oil passing through the rubber plate since it is positioned 3 cm higher than before. 
Due to this addition, the headlock had to be modified. The headlock design will now resemble a typical wine cork. 
However, these changes result in an additional step in assembly and disassembly since both headlock and spacer has to be 
removed during valve shaft change. 

The fourth change was made on the copper ring. This component has a very important role in the functioning of the 
dummy valve: to prevent gas leakage from the combustion chamber. Its attachment to the valve poppet is very essential 
for this purpose. Therefore, a small track has been added to the copper ring surface. This track is supposed to be attached 
first, and deform to ensure sufficient sealing. 

Due to lack of time engine tests related to radiative heat transfer could not be performed. It would be interesting to 
investigate the dependency of soot particles formed during combustion process. An increase in soot particles can be 
formed by using optimal test conditions of the engine. 
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8 Appendix 
 

8.1 Temperature data 

 
Figure 101: Temperature profile 
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Figure 102: Temperature scatter measured with thermocouple position 1. Data taken from the first measurement of each engine run. 

 

8.2  Error propagation 
 

 
Figure 103: Complete heat flux and error. 

 

 

 

 

 

 

Shaft q23 q34 q24 σ23 σ34 σ24 σ24 thermocouple error σ/q(23) σ/q(34) σ/q(24) σ/q(24) thermocouple error

Reference 42,0783 40,0556 40,1932 0,75629 0,89968 0,40081 1,33151 1,797356 2,240103 0,997212 3,321278

8YSZ-Standard 41,9167 38,0754 40,0055 0,80522 0,81740 0,39811 1,31419 1,854646 2,261941 0,996582 3,289660

Gadolinium Zirconate 40,2070 35,9630 38,0880 0,79870 0,80090 0,39990 1,26860 1,986700 2,227200 1,050000 3,330800

Lanthanum Zirconate 40,1698 39,4241 39,7973 0,80203 0,80345 0,40137 1,32888 1,996875 2,034725 1,006965 3,339150

8YSZ-Nano 40,6168 40,5786 40,5978 0,79600 0,80836 0,40107 1,35439 1,959942 1,992437 0,987989 3,336149

8YSZ-Sealed porosity 45,5070 45,1970 45,3530 0,79510 0,79830 0,39840 1,48720 1,747300 1,766400 0,878400 3,279100

8YSZ-Segmented cracks 40,0290 38,5830 39,4060 0,69950 0,92250 0,39780 1,30750 1,747500 2,391200 1,009600 3,318100

Slurry A 38,0032 42,9880 40,5790 0,80360 0,81350 0,40430 1,35090 2,114900 1,892500 0,997300 3,337300

Slurry B_1 36,8352 42,4935 39,6073 0,79331 0,82602 0,40467 1,32523 2,154589 1,943869 1,021795 3,345953

Slurry B_2 36,3017 42,9562 39,5618 0,79330 0,82602 0,40467 1,32431 2,185381 1,922941 1,022878 3,347445

Slurry B-3 34,6140 42,9562 38,7009 0,79330 0,82602 0,40466 1,30307 2,214061 1,922941 1,028871 3,312977

Heat Flux Error Propagation Heat Flux Error (%)
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