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Abstract 

Emission regulations for heavy-duty diesel engines are becoming increasingly restrictive to 

limit the environmental impacts of exhaust gases and particles. Increasing the specific 

power output of diesel engines would improve fuel efficiency and greatly reduce 

emissions, but these changes could lead to increased exhaust gas temperature, increasing 

demands on the exhaust manifold material. This is currently the ferritic ductile cast iron 

alloy SiMo51, containing about 4 wt% Si and ~1 wt% Mo, which operates close to its 

fatigue and oxidation resistance limits at peak temperature (750C). To ensure high 

durability at higher temperatures, three different approaches to improving the life of 

exhaust manifolds were developed in this thesis.  

The first approach was to modify SiMo51 by adding different combinations of Cr and 

Ni to improve its high-temperature strength and oxidation resistance, or by applying a 

thermal barrier coating (TBC) to reduce the material temperature and thereby improve 

fatigue life. In the second approach, new materials for engine components, e.g. austenitic 

ductile iron and cast stainless steel, were investigated for their high-temperature fatigue 

and oxidation properties. In order to identify the most suitable alloys for this application, in 

the third the environmental effects of the corrosive diesel exhaust gas on the fatigue life of 

SiMo51 were investigated. 

The high-temperature oxidation resistance of SiMo51 at 700 and 800C in air was 

found to be improved by adding Cr, whereas Ni showed adverse effects. The effects of 

solid-solution hardening from Ni and precipitation hardening from Cr were low at 700C, 

with improvements only at lower temperatures. Applying a TBC system, providing thermal 

protection from a ceramic topcoat and oxidation protection from a metallic bond coat, 

resulted in only small reductions in material temperature, but according to finite element 

calculations still effectively improved the fatigue life of a turbo manifold. Possible 

alternative materials to SiMo51 identified were austenitic cast ductile iron Ni-resistant D5S 

and austenitic cast stainless steel HK30, which provided high durability of exhaust 

manifolds up to 800 and 900C, respectively. Corrosion fatigue testing of SiMo51 at 

700C in diesel exhaust gas demonstrated that the corrosive gas reduced fatigue life by 30-

50% compared with air and by 60-75% compared with an inert environment. The reduced 

fatigue life was associated with a mechanism whereby the crack tip oxidized, followed by 

crack growth. Thus another potential benefit of TBC systems is that the bond coat may 

reduce oxidation interactions and further improve fatigue life.  

These results can be used for selecting materials for exhaust applications. They also 

reveal many new research questions for future studies. Combining the different approaches 

of alloy modification, new material testing and improving the performance using coatings 

widened the scope of how component life in exhaust manifolds can be improved. 

Moreover, the findings on environmental interactions on SiMo51 fatigue provide a 

completely new understanding of these processes in ductile irons, important knowledge 

when designing components exposed to corrosive environments. The novel facility 

developed for high-temperature corrosion fatigue testing can be useful to other researchers 

working in this field. 

  



   

Sammanfattning 

Fordonsindustrin står inför ökande krav när det gäller emissioner och arbetar ständigt för 

minskade utsläpp av avgaser och partiklar. För att kunna möta dessa krav pågår arbete med 

att utveckla renare och effektivare motorer. Steg för att uppnå detta är att förbättra motorns 

bränsleeffektivitet genom att öka förbränningstrycket eller att byta till nya bränslen, som 

till exempel biogas. Dessa åtgärder medför dock vissa negativa aspekter så som ökad 

avgastemperatur, vilket ställer högre krav på material i varma avgaskomponenter som 

grenrör och turbogrenrör. I tunga fordon används i dagsläget ett segjärn som benämns 

SiMo51 i dessa komponenter. I takt med att avgastemperaturen ökar så närmar sig SiMo51 

sin gräns när det gäller oxidationsmotstånd och mekaniska egenskaper. För att kunna 

upprätthålla en hög hållfasthet och driftsäkerhet är det viktigt att förbättra dessa egenskaper 

eller att ta fram nya materialalternativ. Denna avhandling omfattar ett forskningsprojekt 

där förbättring av livslängden hos grenrör har undersökts. 

I ett första steg testades en förbättring av oxidationsmotstånd och mekaniska 

egenskaper hos SiMo51 genom tillsats av krom och nickel samt genom beläggning med ett 

termiskt skikt, så kallad TBC. Därefter undersöktes helt nya material där ett antal gjutstål 

samt ett austenitiskt gjutjärn utvärderades efter oxidationsmotstånd och mekaniska 

egenskaper. För att kunna välja det mest lämpliga materialet för avgaskomponenter 

undersöktes även hur en korrosiv dieselavgas påverkar utmattningslivslängden hos 

SiMo51. 

I denna studie framkom det att krom förbättrade oxidationsmotståndet hos SiMo51 i 

luft vid 700 and 800C medan nickel visade på motsatt effekt. Vidare visade det sig att en 

förbättring av mekaniska egenskaper endast uppkom vid lägre temperaturer (från 

rumstemperatur upp till 250C). Genom att belägga SiMo51 med TBC, bestående av ett 

keramiskt skikt och ett metalliskt bindskikt, kunde en viss förbättring av 

utmattningslivslängden hos ett turbogrenrör uppskattas genom finita element beräkningar. 

Detta trots att endast en liten temperaturminskning kunde uppnås. Utifrån undersökningen 

av nya material förslås det austenitiska segjärnet Ni-resist D5S och det austenitiska 

gjutstålet HK30 vara lämpliga för användning vid temperaturer upp till 800 respektive 

900C. Slutligen kunde det visas att dieselavgaser har en stor inverkan på 

utmattningslivslängden hos SiMo51. Vid 700C sågs en minskning av livslängden i 

dieselavgas med 30-50% jämfört med i luft samt med 60-75% jämfört mot en inert miljö. 

Den minskande livslängden kunde förklaras av en spricktillväxt i materialet som 

påskyndades genom oxidering av sprickspetsen. Detta innebar att sprickan växte genom en 

oxid istället för genom metall. Dessa resultat pekar på vikten av ett bra oxidationsmotstånd. 

Resultaten som presenteras i denna studie bidrar till att tillåta en ökad 

avgastemperatur och underlättar därmed arbetet med att uppnå utsläppskraven. Genom att 

kombinera olika metoder, så som legeringsutveckling, nya materialalternativ och 

beläggningsteknik, finns en bred grund tillgänglig för vidare utveckling av dessa 

komponenter. En annan viktig del i detta arbete är kunskapen om hur stor inverkan miljön 

har för livslängden av SiMo51. Genom att ha utfört en komplex och tidskrävande 

utveckling av en provningsmetod för korrosionsutmattning vid höga temperaturer, ges ett 

bidrag till forskningsvärlden att kunna utöka kunskapen inom detta område.  
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1 PURPOSE OF THE STUDY 

1.1 Background 

The exhaust-gas temperature in heavy-duty diesel engines is expected to increase in the 

near future, creating a need for material development of hot components, such as exhaust 

manifolds. The industry is facing stricter emissions legislation demanding cleaner and 

more efficient engines. There is also a desire to increase the engine power while 

maintaining low fuel consumption. Ways of meeting these demands include increased 

combustion pressure, minimized heat losses and introduction of new fuels. All of these 

actions will result in increased exhaust gas temperature, specifically affecting the exhaust 

and turbo manifolds in the hot end of the exhaust system. The material commonly used 

today in the turbo manifold is a Si- and Mo-alloyed ferritic ductile cast iron named 

SiMo51. This alloy is already operating close to its limits regarding its corrosion resistance 

and mechanical properties. Thus, new materials must be developed in order to maintain 

high durability and reliability of the components.  

1.2 Objective 

The work presented in this thesis comprised a research project on cast exhaust manifolds, 

firstly focusing on improvement of SiMo51 for increased high-temperature oxidation and 

fatigue resistance in exhaust gas temperatures up to 800°C and secondly focusing on new 

material alternatives, such as austenitic cast iron and cast stainless steels, for use at higher 

temperatures. An additional objective was to examine the effects of the environment on 

fatigue life in order to understand the influence of real service conditions on component 

life and thereby select and develop the most suitable materials for this application.    

1.3 Research outline 

The first approach used in this thesis to improve SiMo51 was by modifying its chemical 

composition. This was done by increasing the content of Si and Mo and by adding Cr and 

Ni in different combinations and examining the effects on the high-temperature oxidation 

resistance and the high-temperature mechanical properties. Another approach to improving 

the life of exhaust manifolds made of SiMo51 is to apply an internal thermal barrier 

coating (TBC). Since an internal coating cannot be achieved by commercial methods, the 

first step was to identify a potential coating technique. It was also important to determine 

the type of coating that is most suitable for this application, taking the real operating 

conditions of the engine into consideration. Moreover, a reduction in substrate temperature 
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is desirable and here this was set to 50°C. The coating properties, such as thermal 

conductivity and coating thickness, required to achieve this goal were estimated using 

thermal modeling. In a final step, the effectiveness of the approach in increasing the fatigue 

life of an exhaust manifold was evaluated. The use of SiMo51 is limited by the ferrite-to-

austenite phase transformation occurring at 860°C. Hence, the next approach in this thesis 

was to identify suitable alternative materials to SiMo51 at temperatures above 800°C. As 

for the development of SiMo51, the questions examined were whether the oxidation 

resistance and the high-temperature mechanical properties of these candidate materials are 

sufficient for use in exhaust manifolds at temperatures between 800 and 900°C. Other 

important properties to take into consideration when selecting a new material for 

applications involving high temperature and thermal cycling are its thermal conductivity 

and thermal expansion coefficient. Finally, the effects of the environment on the fatigue 

life were investigated by examining the fatigue behavior of SiMo51 in air, inert gas (Ar) 

and diesel exhaust gas at 700°C. 

2 INTRODUCTION 

2.1 Material design approach 

The components in the exhaust system of a diesel engine are exposed to a demanding 

environment during their operation, including hot and corrosive exhaust gases combined 

with both thermal and strain cycling. A schematic description of the system is presented in 

Fig. 1, showing a set of exhaust manifolds connected to a turbo manifold that is attached to 

the cylinders of the engine at one end and to a turbo charger at the other. 

 

Fig. 1. Schematic description of the hot end of an exhaust system of a six-cylinder diesel engine, 

showing the exhaust manifolds connected to a turbo manifold attached to a turbo charger. 
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The turbo manifold, which is a double-channeled component, is subjected to the highest 

loads, partly due to increased mass flow of exhaust gases and partly to additional loads 

from the weight of the turbo charger placing higher demands on the material in this 

component compared with that in the exhaust manifolds. However, throughout this thesis, 

these two types of components are simply referred to as exhaust manifolds. 

When designing for high durability of exhaust manifolds, many material properties need to 

be considered. These properties are presented in Fig. 2 and include e.g. creep, corrosion 

and fatigue. This thesis focuses on the latter two and also on their combined effects. 

 

Fig. 2. Material properties important for the durability of exhaust manifolds.    

When corrosive exhaust gases pass through the manifolds, an oxide scale forms on the 

inner surfaces. During thermal cycling, stresses arise in this scale, increasing the 

probability of oxide spallation. Continuous oxidization of material will result in depletion 

of oxide-forming elements and consumption of the metal, resulting in degradation of the 

mechanical properties. It is therefore important that the oxide scale formed is protective 

and adherent. Furthermore, thermal cycling affects the fatigue life of the components, the 

other important issue examined in this thesis. The required design and construction of the 

exhaust manifolds place high demands on the fatigue properties, since a manifold is 

clamped by bolts to an engine block and to a turbo charger and also has varying cross-

section, creating stress concentrations induced by thermal cycling. By selecting a material 

with a low thermal expansion coefficient and high thermal conductivity, the internal 

stresses formed during the heating and cooling stages can be reduced. The fatigue life can 

also be improved by fundamental material properties, such as high strength and ductility, 

inhibiting crack initiation and growth during thermal and strain cycling. Moreover, the 

effect of corrosion on the fatigue life was examined in this thesis, since simultaneous crack 

growth and oxidation is known to be detrimental1. 
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2.2 Material trends 

Depending on the exhaust gas temperature, the materials available for exhaust manifolds 

include ferritic and austenitic ductile cast iron alloys and cast stainless steel. Ferritic alloys 

have the benefit of higher thermal conductivity and lower coefficient of thermal expansion 

compared with austenitic alloys. The austenitic alloys, on the other hand, have other 

advantages in the form of higher strength at high temperatures, making them a better 

choice for high-temperature applications. The reason for the higher strength of the 

austenite structure is that it has fewer slip systems than the ferritic structure, making it 

more difficult for deformations to occur2. Another factor contributing to the higher strength 

of austenite is that its face-centered cubic (fcc) structure allows a higher level of interstitial 

carbon in the structure compared with ferrite, which has a body-centered cubic (bcc) 

structure, resulting in a higher solid solution strengthening effect in austenite.  

 

 

Fig. 3. Illustration of the relationship between engine type, exhaust temperature and choice of 

material.  

Through market analysis and a literature review, the relationship between engine type, 

exhaust temperature and material selection was identified, see Fig. 3. The current 

maximum temperature of diesel exhaust gases in heavy-duty diesel engines is 

approximately 750°C. Up to this temperature, the most widely used material is the ferritic 

ductile cast iron SiMo51 mentioned previously. This material has been improved over the 

years by increasing its Si and Mo content up to 5 and 1wt%, respectively, resulting in 

improved oxidation resistance and high-temperature strength in exhaust gas temperatures 

up to the current maximum gas temperature3,4. Further developments of SiMo51 include 
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addition of Cr, Ni or Al, forming the alloys SiMoCr, SiMoNi and SiMo1000, respectively. 

SiMoNi is suggested to be heat-resistant in exhaust gas temperatures up to 835°C5 and 

SiMo1000, which is developed by GF Automotive, up to an exhaust gas temperature of 

900°C6. When the exhaust gas temperature is between 800 and 950°C, many manufacturers 

turn to an expensive, austenitic cast ductile iron named Ni-resist D5S, commonly found in 

exhaust manifolds of petrol engines. Compared with the SiMo alloys, Ni-resist D5S shows 

elevated high-temperature strength7. Due to the high cost of Ni-resist D5S, the interest in 

cast stainless steels has increased, leading to development of ferritic (eg. DCR3 alloy, 

described in section 3.1.2.1) and austenitic (eg. A3N and HK30, described in section 

3.1.2.2) cast alloys8,9. These are known for both high strength and oxidation resistance at 

high temperatures, deriving from their high Ni and Cr content, making them a suitable 

choice for exhaust components. However, compared with the ductile cast irons, cast 

stainless steels show decreased castability due to their lower carbon content, resulting in 

higher melting temperatures. In addition, the lack of graphite in the microstructure makes 

them more prone to solidification shrinkage. The combination of a high melting 

temperature, placing higher demands on the sand moulds in production, and the increased 

cost of alloying elements raises the cost of the components significantly compared with 

those produced from ferritic ductile irons. A comparison of the cost of alloying elements 

for some different material types clearly shows the lower price of ferritic cast irons and 

steels compared the austenitic alloys, see Fig. 4. Moreover, based on the cost of alloying 

elements, it can be seen that it is more beneficial to use the austenitic cast steel HK30 

instead of the austenitic cast iron Ni-resist D5S. The prices in Fig. 4 include only the cost 

of alloying elements and not the casting or processing costs.  

 

 

 

Fig. 4. Price comparison of alloys. Only the cost of alloying elements is included.  
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3 THEORY 

3.1 Heat-resistant materials for cast exhaust components 

3.1.1 Cast ductile irons 

Cast irons belong to a group of ferrous alloys containing more than 2wt% carbon. The high 

carbon content gives the alloys a low melting point and high fluidity, which provides them 

with good castability. Graphitic cast irons are formed by solidification according to the 

stable system in the Fe-C phase diagram, allowing graphite precipitates to form. This type 

of solidification is controlled by a low cooling rate, large number of nucleating sites and 

addition of graphitizing elements such as C, Si, Al, Cu, Co and Ni. There are generally 

three types of such cast irons: grey irons, compacted graphite irons and ductile irons, 

classified according to their graphite shape. Grey irons contain graphite with flaky 

morphology and are commonly found in applications where thermal conductivity is of high 

importance, such as in brake discs. In exhaust applications, where strength and ductility are 

of high importance, ductile cast irons, containing spheroidal graphite, are preferred. The 

nodular graphite shape is achieved by adding Mg to the melt. Compacted graphite iron has 

graphite shapes intermediate between flake and spheroidal.  

 

If the cooling rate during solidification is high, if the number of nucleating sites is low or if 

the melt contains carbide-stabilizing elements such as V, Cr, and Mo, solidification can 

occur according to the metastable system, allowing cementite, Fe3C, instead of graphite to 

be formed. However, for exhaust gas components, primary carbides are generally of the 

M6C-type, the formation of which is not as dependent on cooling rate. Secondary carbides 

are formed at lower temperatures during the decomposition of austenite, forming ferrite 

grains surrounding the graphite nodules and filling the intercellular regions with pearlite 

and isolated carbides of Cr or Mo. Pearlite itself is a lamellar structure of Fe3C and α-

ferrite and contributes to the strength of the material. However, it is not desirable in 

exhaust manifolds as its cementite component decomposes to graphite at elevated 

temperatures, resulting in volume expansion.  

 

In ductile irons and cast steels, carbides add strength to the material but may contribute to 

detrimental brittleness if they are present in excessive amounts. By adding high amounts of 

Ni, a fully austenitic material can be obtained at all temperatures. Elements such as Mn, Cu 

and N also have the effect of stabilizing the austenitic phase. Similarly, the ferritic phase 

can be stabilized by adding Cr, Ti, Mo, W, Si or Al. Through stabilization, the 
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thermodynamically stable temperature range of the phase is extended, i.e. the 

transformation temperature at which ferrite is transformed into austenite on heating (or 

vice versa on cooling) is changed. This temperature is referred to as the A1 temperature.  

3.1.1.1 SiMo ductile irons 

SiMo is a group of ferritic ductile cast irons alloyed with Si and Mo. The alloy studied in 

this thesis, designated SiMo51, typically contains 3.2-3.8 C, 4.0-5.0 Si, <0.02 S, 0.03-0.07 

Mg and 0.5-1.0 Mo (wt%, Fe bal.). As can be seen in Fig. 5, the microstructure of SiMo51 

consists of graphite nodules distributed in a ferritic matrix and stable M6C carbides (M=Fe, 

Mo, Si) in the intercellular regions. The Si content contributes to oxidation resistance, 

derived from formation of an SiO2 barrier layer at the oxide/metal interface. The Si also 

contributes to mechanical strength by solid solution hardening of the ferritic phase. This 

alloy is commonly used in exhaust manifolds in diesel engines but, as already mentioned, it 

shows limitations regarding corrosion and fatigue resistance at temperatures above 750°C. 

 

Fig. 5. Etched (Nital 2%) microstructure of SiMo51, showing graphite nodules dispersed in ferrite 

(white) with carbides of M6C-type (M=Fe, Mo, Si), formed in the intercellular regions. 

3.1.1.2 Ni-resist ductile irons 

The Ni-resist ductile irons belong to a group of austenitic ductile cast irons. Due to their 

austenitic structure, the alloys show improved high-temperature strength compared with 

the ferritic SiMo alloys. According to the ASTM A439 standard, there are nine different 

grades, specified according to the contents of Ni, Si and Cr. The alloy commonly used in 

exhaust manifolds is the D5S grade, containing the highest Ni content, 34-37%, and 

increased amounts of Si and Cr, 4.90-5.50% and 1.75-2.25%, respectively, providing the 

alloy with high-temperature strength and corrosion resistance. According to the literature, 

the maximum operating temperature is 850°C for the D5S grade10. The alloy can be used in 

conditions with short peaks at temperatures up to 900-1000°C. However, for prolonged 

exposure, a lower temperature is preferred. 

M6C 

Graphite nodules 
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3.1.2 Cast stainless steels 

3.1.2.1 Ferritic cast stainless steels 

Ferritic cast steels show a lower high-temperature strength compared with the austenitic 

steels but show benefits in the form of lower costs, owing to a lower Ni content, and better 

thermal fatigue resistance, due to their lower coefficient of thermal expansion and higher 

thermal conductivity11. One disadvantage of ferritic cast steels is that the carbon content is 

generally low, resulting in a high melting point and poor castability. Low carbon content 

may also result in a microstructure containing large grains, resulting in decreased ductility 

and fatigue life. The reason for this is that at very low carbon contents ferrite forms directly 

from the melt, removing the grain size reduction obtained from the austenite-to-ferrite 

phase transformation. Consequently, ferritic steels are commonly found in exhaust 

manifolds made of sheet metal, obtaining grain size reduction by metal forming. However, 

Daido Steel Co. has developed a ferritic cast stainless steel alloy named StarCast DCR3, 

used as a replacement for Ni-resist D5S in gasoline turbine housing with temperatures 

reaching 900°C3. The castability of the DCR3 alloy has been improved by increasing the C 

content, effectively decreasing the melting temperature, and by compensating for the 

austenite stabilizing effect of the C by adding the ferrite stabilizing elements Nb and W. 

See Table 1 for chemical composition.  

Table 1. Chemical composition of the ferritic cast stainless steel DCR3, given in wt% (Fe bal.). 

Alloy C Cr Ni Nb W 

DCR3 0.35 19 … 1.5 0.7 

3.1.2.2 Austenitic cast stainless steels 

Austenitic cast stainless steels are normally applied in the most demanding conditions 

where ferritic alloys show limitations. One commercially used austenitic alloy is a 

25Cr/20Ni alloy, designated HK30 (ASTM specification A 351). This material is 

commonly found in exhaust manifolds in high-power gasoline engines, where the gas 

temperatures may reach 1000°C. Other less expensive alloys developed for exhaust 

applications are the two 19Cr/10Ni alloys named CF8C-plus4, developed by Oak Ridge 

National Laboratory and Caterpillar, and NSHR-A3N, developed by Hitachi Metals. As 

can be seen from their chemical composition in Table 2, these alloys contain a lower Ni 

content than HK30, but also additions of Nb, W and Mo, improving their mechanical 

properties by solid solution strengthening and increased carbide formation. 
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Table 2. Chemical composition of austenitic cast stainless steels, given in wt% (Fe bal.). 

Alloy C Si Mn Cr Ni Nb Other 

NSHR-

A3N 
0.45 0.5 1.0 20 10 2.0 3.0W 

CF8C-Plus 0.1 0.5 4.0 19 12.5 0.8 0.3Mo 

HK30 0.25-0.35 1.75 1.5 23-27 19-22 … … 

3.1.3 Thermal barrier coatings 

Thermal barrier coatings (TBCs) are used in high-temperature applications for thermal 

protection of materials. TBCs have been used in gas turbines for a long time and have been 

extensively studied for this application12,13,14,15,16,17. During the last 20 years, thermal 

barriers have found applications also in diesel engines. The purpose of applying TBCs to 

engine components, such as piston crowns, piston rings, valves, cylinder liners and 

cylinder heads, is to improve the thermal efficiency, reduce the weight by eliminating 

cooling systems and improve component reliability. In this thesis, TBCs were applied to 

exhaust manifold materials with the intention of reducing the substrate temperature and 

thereby reducing the effects of fatigue and oxidation, increasing the life of the coated 

component. 

3.1.3.1 Materials  

The coating system consists of a ceramic topcoat (i.e. the TBC), a metallic bond coat and a 

substrate. An example of such a system applied to a SiMo51 substrate using plasma 

spraying is provided in Fig. 6.  

 

Fig. 6. Illustration of a coating system including TBC, bond coat and substrate. 

Zirconia-based coatings are commonly used as TBCs because of their low thermal 

conductivity and high coefficient of thermal expansion ()18, see Fig. 7. High thermal 

expansion is desired to fit the thermal expansion of the metallic bond coat and substrate in 
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order to reduce mismatch stresses during thermal cycling. Extensive research has been 

carried out to improve the performance of these types of coatings. One of the most 

commonly used TBCs is yttria-stabilized zirconia (YSZ). Introducing a nanostructure (i.e. 

micropores and nanometer grain size) to this coating improves its properties, e.g. lower 

thermal conductivity, higher coefficient of thermal expansion and improved thermal cyclic 

resistance have been observed19,20,21. Rare-earth zirconates have also shown promising 

results 22 . For example, La2Zr2O7 has a low thermal conductivity and relatively high 

coefficient of thermal expansion23. A different type of TBC material found in the literature 

is mullite (3Al2O32SiO2). This material shows good properties, such as low density, high 

thermal stability, high chemical stability in severe environments and high creep 

resistance24,25. It is suggested to be a good choice in diesel engine applications26,27 and has 

shown a significantly longer lifetime when applied on aluminum pistons compared with 

YSZ28. As can be seen in Fig. 7, one negative aspect of this material is the large difference 

in thermal expansion compared with the metallic alloys.   

 

Fig. 7. Properties of common TBC materials showing a) thermal conductivity and b) coefficient of 

thermal expansion.  

3.1.3.2 Coating methods 

For industrial application of TBC, plasma spraying is commonly used for coating the outer 

surfaces of exhaust components. However, for coating the inner surfaces of complex 

geometries this method shows limitations and therefore other techniques must be employed 

for this purpose. One potential method is to use a sol-gel process, in which a solution 

containing metal and organic compounds in a solvent is formulated. The solution is then 

hydrolyzed to form a gel that contains polymers or macroclusters. This gel is applied to the 

substrate surface by spinning, dipping or spraying, followed by firing to remove the 

organic compounds in the coating and produce the final structure. This method has benefits 

in the form of ease of fabrication, ability to coat complex shapes and cost effectiveness, but 

shows limitations regarding coating thickness. One way to produce thicker coatings is to 

add a filler to the coating formulation. The sol-gel method is relatively new and has not yet 

found widespread application in automotive applications.  

(a) (b) 
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3.1.3.3 Failure modes 

The service life is influenced by the combined properties of the coating system and 

depends on the service conditions. For the TBC, these properties can be the composition, 

microstructure, density, thickness, micro-crack distribution and cohesive strength. For the 

bond coat, oxidation resistance, density, thickness and surface roughness affect the service 

life. Thermal expansion mismatch, geometry and residual stresses in the coating system 

also play an important role for the service life29,30,31. For gas turbines, the critical failure 

mechanism is often linked to oxidation of the bond coat32,33,34. For diesel engines, the 

maximum temperature in exhaust manifolds is lower (approximately 750°C), reducing the 

effect of oxidation. The manifolds will also experience a different kind of temperature 

cycling. These factors may result in different failure mechanisms compared with TBCs 

applied in a gas turbine.  

3.2 High-temperature corrosion 

Exhaust gases form a demanding environment for the manifolds, including high 

temperatures, many oxidative species and high gas flows resulting in increased oxidation 

rates. High-temperature corrosion is a complex process where the metal reacts with 

gaseous species to form an oxide scale on the metal surface. 

3.2.1 General 

The oxidation of metals at high temperatures commonly follows a parabolic time 

dependence, where the reaction rate is controlled by diffusion through the oxide scale, i.e. 

outward diffusion of metal ions or inward diffusion of gaseous reactants35. If a compact 

oxide scale is formed on the surface of a metal, it may act as a protective barrier layer, 

preventing the inward and outward diffusion and thereby reducing the oxidation rate. 

However, if the oxide scale has a high defect density, i.e. containing pores, channels and 

cracks, or if one of the oxide’s sub-lattices contains a high degree of vacancies, the 

oxidation reactions can continue to proceed (i.e. linear oxide growth), with the 

consequence of alloy depletion combined with formation of thick oxide scales that are 

prone to cracking and to spallation. Hence, the formation of a protective oxide scale is of 

the utmost importance for providing oxidation protection of exhaust manifolds.     

 

The thermodynamic driving force for oxide formation according to Eq. 1 (where M is a 

metal) is expressed by the Gibbs free energy change according to Eq. 2. 

                                (1)

  

22 MOOM 
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                  (2) 

By plotting ΔG° as a function of T, the partial pressure of oxygen in equilibrium with a 

metal oxide at a given temperature can be estimated. This allows for interpretation of oxide 

scale structures when adding oxide-forming elements to an alloy. An example is shown in 

Fig. 8 for SiMo51 at 700°C. In that case, the chemical potential of O2 was used for listing 

the stable phases as a function of oxygen partial pressure according to Eq. 3 using Thermo-

Calc Software36. 

                   (3) 

When adding, for example, Si, Cr or Al to the alloys, SiO2, Cr2O3 and Al2O3 are expected to 

be formed at lower oxygen partial pressures compared with the Fe-oxides, i.e. they will be 

formed closer to the metal surface. Moreover, oxides formed from Si, Cr and Al have a 

lower standard free energy of formation compared with Fe-oxides and are therefore more 

stable. For this reason, Si, Cr and Al are the elements commonly added to alloys for high-

temperature oxidation resistance.  

3.2.2 Protective oxide scales 

The oxide scale formed on ductile cast irons is normally built up of two oxide layers, 

where the inner layer is formed by inward transportation of oxygen, resulting in inward-

growing oxide, encapsulating graphite nodules and carbides, and the outer oxide layer is 

formed by outward diffusion of Fe. The example in Fig. 8 suggests an oxide scale structure 

formed on SiMo51 at 700°C containing silica (SiO2), wüstite (FeO) and fayalite, (Fe2SiO4) 

close to the metal and magnetite (Fe3O4) and hematite (Fe2O3) in the outer layer close to 

the gas atmosphere. The β-SiO2 phase is the high-temperature form of silica and transforms 

to α-SiO2 at lower temperatures. A cross-section of an oxide scale formed on SiMo51 after 

oxidation in air at 800°C for 96 h is shown in Fig. 9. It displays a similar oxide scale 

structure as suggested from the calculation with an outer Fe-oxide, inner (Fe, Si)-oxide and 

a thin SiO2 layer at the metal/oxide interface. As shown in the topographical images in Fig. 

10, SiO2 is more compact than the Fe-oxides and is thereby more efficient in decreasing the 

oxidation rate by reducing the outward diffusion of Fe and inward transportation of 

oxidative species. 
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Fig. 8. Fraction of phases as a function of oxygen partial pressure calculated using Thermo-Calc in 

O2 (g) at 700°C for SiMo51.  

During oxidation of cast steels, multi-layered scales are also formed. In these materials, the 

oxidation resistance is generally obtained from Al, Cr and Si, with the two latter being 

present in the alloys included in this thesis. The protectiveness of these oxides depends on 

the gas environment to which they are exposed, as discussed more thoroughly in the next 

sections.  

 

Fig. 9. EDX mapping images of an oxide scale formed on SiMo51 in air at 800°C after 96 h of 

oxidation, showing a scale structure of (a) an outer Fe-oxide, (b) an inner Fe-Si-oxide and (c) a SiO2 

barrier layer at the oxide/metal interface.  
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Fig. 10. SEM images presenting different morphologies of oxides: a) Fe2O3 and b) Si-rich oxide. 

Note that porosity is clearly higher in Fe2O3.  

3.2.3 Oxidation in exhaust gases  

The combustion of diesel results in an exhaust gas containing mostly water vapor, oxygen, 

carbon dioxide, nitrogen and smaller amounts of sulfur and nitrogen oxides, providing an 

environment containing a high amount of oxidative species. The oxidation behavior of 

ductile cast irons and cast stainless steels intended for use in exhaust components when 

surrounded by an atmosphere comprising exhaust gases of diesel and petrol fuel has been 

studied by Tholence 37 , 38 . His studies showed lower oxidation resistance in these 

atmospheres, linked to the presence of water vapor and sulfur- and nitrogen oxides. 

3.2.3.1 Water vapor 

High-temperature oxidation of Fe-based alloys in water vapor-containing atmospheres has 

been widely studied and is observed to result in formation of poorly protective oxide 

scales39,40,41. The increased oxidation rate of chromia-forming alloys is generally attributed 

to the evaporation of chromium oxide hydroxide, formed according to Eq. 4, leading to Cr 

depletion in the alloy.  

                            (4) 

This evaporation phenomenon has been studied by Asteman42,43,44 at temperatures from 

500°C up to 800°C in atmospheres containing 10% and 40% water vapor. In his work, it 

was observed that the formation of the volatile CrO2(OH)2(g) could be linked to conversion 

from an initially formed, protective Cr2O3 oxide into a poorly protective Fe-rich oxide. 

Asteman observed that CrO2(OH)2(g) was formed not only at high temperatures 

(>1000°C), but also at lower temperatures (600°C). Moreover, a connection between 

increased gas flow and increased chromium oxide hydroxide evaporation was identified. 

This means that low water vapor content in the gas can still degrade the protective 

properties of the scale if the gas flow is high enough. Since the gas velocity in the exhaust 

system may reach values as high as 100 m/s, it forms a very demanding environment for 

the manifolds regarding its corrosion resistance.  
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Another observed effect of water vapor, also resulting in reduced oxidation resistance, is a 

change in the physical properties of the oxide scales in the form of swelling, cracking and 

spallation45. 

3.2.3.2 Carbon dioxide 

The combined presence of water vapor and carbon dioxide has been studied by Rahmel 

and Tobolski46, who observed a significant increase in the oxidation rate of Fe-based 

alloys. Those authors propose that H2O(g) and CO2(g) transfer oxygen across pores in the 

oxide scale by setting up redox systems of H2-H2O and CO-CO2 according to the reactions 

given in Eq. 5 and Eq. 6, resulting in faster inward transport of oxygen across the pores. 

                  (5) 

                  (6) 

Another aspect of CO2 in the gas is modification of the metal surface properties in the case 

of carburization (i.e. carbon pick up) or decarburization (i.e. carbon loss). These processes 

depend on the carbon activity gradient. If the carbon activity is higher in the gas than in the 

metal, carburization will be promoted. Carbon uptake in the metal may degrade the 

oxidation resistance by carbide formation of elements that would otherwise form a 

protective oxide.  

3.2.3.3 Sulfur oxides 

In the exhaust gas, sulfur is present either as SO2 or, by reaction with O2, as SO3. For 

elements commonly found in cast irons and stainless steels (Fe, Cr, Ni and Mn), the 

oxidation rate in gases containing SO2 and O2 has been found to exceed the oxidation rates 

in pure O2
47,48,49,50. This is caused by simultaneous formation of oxides and sulfides. In a 

study by Gilewicz-Wolter51, where oxidation of pure Fe in SO2 and O2 at temperatures 

between 500 and 900 °C was examined, the reaction was found to occur mainly by 

outward diffusion of Fe. Sulfur was found to penetrate the scale through defects such as 

fissures and micro-channels, forming iron sulfide, FeS, at the oxide/metal interface. The 

diffusion of iron in FeS was found to be fast, resulting in accelerated oxidation in the 

presence of SO2 compared with the rate in dry O2. The stability of sulfides is dependent on 

the temperature and partial pressure of SO2 or SO3. Thus, in certain temperature ranges and 

at sufficiently low SO2/SO3 pressures, sulfide formation is inhibited and only oxides are 

formed.  
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3.2.3.4 Nitrogen oxides 

The presence of NO2 or NO3 in the gas may result in formation of nitrides, changing the 

surface properties of an alloy. Excessive formation of nitrides at the surface may result in 

depletion of oxide-forming elements, such as Cr and Si, and increased brittleness, which 

reduce the oxidation resistance and the mechanical properties. Tholence 52  studied the 

behavior of SiMo51 in normal and clean (no NOx) synthetic petrol and diesel exhaust gases 

and found that nitride formation occurred only in the presence of NOx and was not linked 

to reactions with N2. The nitridation was found to be extensive in an exhaust gas without 

water vapor, showing formation of Si3N4, resulting in depletion of Si. In exposure to 

normal petrol and diesel, containing water vapor, the nitride formation was found to be 

lower, showing micro-sized MgSiN2 in cell boundaries.  

3.2.4 Corrosion combined with thermal cycling  

During operation of an engine, the exhaust manifolds are exposed to thermal cycling, 

which may induce stresses causing elastic or plastic deformation of the oxide scale. With 

time, this may cause fracture and oxide spallation, leading to further oxidation of the alloy 

and also to transfer of oxide flakes at high velocity into the turbocharger. The detrimental 

effect of the thermally induced stress is dependent on the ratio of the thermal expansion 

coefficient of the alloy and the oxide scale and also on the magnitude of the temperature 

change. As can be seen in Table 3, the Fe-oxides (FeO and Fe2O3) show a lower ratio 

compared with Cr2O3, indicating a higher tendency for oxide spallation of the Cr-oxide. 

Similarly, austenitic alloys (e.g. HK and Ni-resist) point at a higher risk of spallation, 

showing a larger difference in thermal expansion compared with the ferritic alloys (e.g. HC 

and SiMo). However, kinetic effects must also be considered, as thicker oxide scales have 

a higher tendency for spalling. In general, Cr forms thinner scales than Fe and may thus be 

favorable even if the thermal expansion coefficient deviates more from the base material. 
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Table 3. Mean coefficient of linear thermal expansion (α) of some oxides, ferritic (SiMo) and 

austenitic (Ni-resist D5S) ductile cast irons, ferritic (HC) and austenitic (HK) cast stainless steels 

and the ratio between various metal/oxide systems53,54,55. 

System 
Metal 

106α, K-1 

Oxide 

106α, K-1 
Ratio 

 

SiMo/FeO 13.7 12.2 1.12  

SiMo/Fe2O3 13.7 14.9 0.92  

Ni-resist/ Fe2O3 15.7 14.9 1.05  

Ni-resist/Cr2O3 15.7 7.3 2.15  

HC/Fe2O3 13.9 14.9 0.93  

HC/Cr2O3 13.9 7.3 1.90  

HK/Fe2O3 18.7 14.9 1.26  

HK/Cr2O3 18.7 7.3 2.56  

 

3.3 High-temperature low-cycle fatigue 

3.3.1 Fatigue in exhaust manifolds 

During operation of the engine, the exhaust manifolds are subjected to thermal cycling, 

causing fatigue damage. Depending on position in the component, the loading is either in-

phase (load and temperature increase at the same time) or out-of-phase. With in-phase 

loading, tensile stresses form during heating and compressive stresses during cooling. In 

contrast, with out-of-phase loading compressive stresses form during heating and tensile 

stresses during cooling. 

 

Low-cycle fatigue (LCF) data are generally used for dimensioning and fatigue life 

prediction of components exposed to a constant high temperature and external load 

cycling. This is not the case for exhaust manifolds, where the loading is mainly formed by 

thermal stresses. However, by using the Chaboche transient model56, LCF data can be 

converted to thermo-mechanical fatigue (TMF) data and are thus of interest for 

dimensioning of exhaust manifolds.  

 

During the LCF process, the isothermal mechanical strain cycling causes fatigue damage 

due to straining in the plastic deformation regime. If the applied stress is lower, reducing 

the plastic deformation, the material can withstand a higher number of load cycles causing 

high-cycle fatigue (HCF). This may occur in exhaust manifolds due to vibrations.  

3.3.2 Crack initiation and growth 

Fatigue emerges due to plastic deformation and the fatigue resistance depends on the 

amplitude of the applied cyclic stress. Since plastic deformation occurs more easily at 
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higher temperatures, it can be assumed that the fatigue growth rate increases with 

temperature. To characterize the fatigue in a material, different phases in the process can 

be identified57. First, there is activation of a cyclic hardening or softening process, which is 

dependent on the dislocation density in the material. For a soft material, in which the initial 

dislocation density is low, the plastic deformation occurring during straining will increase 

the number of dislocations, resulting in hardening of the material. For a hard material, 

where the dislocation density is high, plastic straining will instead rearrange the 

dislocations, resulting in cyclic softening. As the dislocation activity proceeds, crack 

initiation occurs at microstructural defects, such as graphite nodules, inclusions, carbides 

and pores. Once a macroscopic crack has been formed, the fatigue process continues by 

growth of these macroscopic cracks until failure is reached. 

3.3.3 Microstructural aspects 

Fatigue cracks are nucleated at sites where the stress concentration is highest. This 

normally occurs at the surface due to load conditions (bending moments), formation of slip 

bands or the presence of inclusions or secondary phases58. For this reason, the surface 

finish is of high importance when discussing fatigue. At high temperatures, cracks may 

also nucleate more easily in subsurface regions due to decohesion of inclusions and 

secondary phases from the surrounding matrix. The presence of carbides in grain 

boundaries may both increase and decrease the fatigue life depending on their size. In 

general, coarse carbides and carbide networks should be avoided. Moreover, the grain size 

itself plays an important role in fatigue life. Larger grains allow longer dislocation pile-ups, 

forming higher stress concentrations than in smaller grains.  

3.4 High-temperature corrosion fatigue 

Fatigue at elevated temperatures is a very complex phenomenon since besides crack 

initiation and growth, it also includes creep, temperature-induced changes of the 

microstructure and environmental effects, such as oxidation. In this thesis, the influence of 

oxidation on the fatigue behavior of the ductile iron SiMo51 is examined. Published results 

on ductile irons are few and a brief introduction to the subject is therefore given, based on 

present literature.  

3.4.1 Fatigue mechanisms in inert and corrosive environments  

In a study by Coffin59, a large impact of the atmosphere on fatigue resistance was shown. 

For example, LCF testing of an austenitic stainless steel (AISI A286) showed the same 

fatigue life at 593°C as at 20°C when tested in vacuum, whereas during testing in air the 

fatigue life readily decreased with increasing temperature. However, in a study by 
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Sadananda and Shahinian60, the crack growth rate in vacuum showed a clear temperature 

dependence during fatigue testing of a 316-type stainless steel. The reduced fatigue life in 

air compared with in an inert environment is generally attributed to mechanical crack 

growth combined with oxidation. By removing the effect of oxidation, the fatigue life 

generally becomes longer. However, depending on the characteristics of the material, 

fatigue testing at high temperatures in inert environments shows a temperature dependence 

if creep mechanisms are activated and the inherent material properties, such as yield stress 

and elastic modulus, change.   

 

The main mechanism found in the literature explaining the fatigue fracture of Ni- and Co-

based alloys in corrosive environments is intergranular crack growth, accelerated by 

diffusion of e.g. oxygen or sulfur into the grain boundaries in front of the crack tip. In inert 

environments, cracks have instead been observed to initiate at dendritic grains, resulting in 

transgranular fractures60,61. It is claimed that the influence of oxidation at the crack tip 

depends on the type of reactions occurring and on the appearance of the crack propagation. 

Most studies report a reduction in fatigue life from oxidation interaction. However, in a 

study by Aghion et al.61 the opposite effect was seen, with higher fatigue life in an O2-

enviroment than in an inert atmosphere. This effect can be seen if the products formed 

result in a blunted crack tip or if they strengthen the crack tip region. Moreover, if crack 

branching occurs at the crack tip, the stress state can be reduced, also resulting in improved 

fatigue life. In addition, the microstructure shows a strong effect on the crack growth. This 

has been studied for a Co-based alloy (MARM 509) by Reuchet and Remy 62 . They 

proposed a damage equation for fatigue-oxidation interaction during LCF at high 

temperature where the crack advance is suggested to be controlled by the matrix and by the 

carbides present in grain boundaries. In their work, the susceptibility of the matrix to 

oxidation and the carbide size, distribution and morphology are taken into consideration 

when evaluating the fatigue life.    

3.4.2 Influence of test parameters 

The test parameters used, such as frequency and load conditions, also affect the fatigue life. 

A lower frequency gives more time for oxidation reactions to occur, generally resulting in 

a larger environmental contribution and reduced fatigue life. It is also reasonable to expect 

the load ratio to affect crack growth. In crack growth tests, a load ratio of 0.1 is commonly 

used. This means that the load is always tensile with incomplete crack closure. If tests are 

instead performed with a load ratio of -1, the crack will be completely closed. Since oxides 

occupy a higher volume than the base metal, it can be argued that the stress state at the 
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crack tip will change. However, reported results show some contradictions to this 

argument, especially for the frequency dependence. Floreen and White63 tested a Ni-based 

alloy (Nimonic 115) at 650°C at frequencies of 0.01, 0.1 and 1 Hz in helium and in 

H2+4%CH4 and observed the largest environmental contribution at 0.1Hz and not at 

0.01Hz, which was expected. The frequency dependence has also been investigated in a 

study by Antolovich et al.64, where an equation for crack initiation life including frequency, 

hold time and temperature is presented. In their study, a Ni-based alloy (René 80) was 

tested. They observed an increased fatigue life with decreased frequency and introduction 

of a 90 s hold time. Coarsening of the microstructure was more pronounced at lower rates 

and is suggested to have resulted in increased ductility. Moreover, the hold time is 

suggested to result in increased life due to a reduction in plastic strain.  

 

The existing literature indicates considerable complexity in this kind of testing. Depending 

on the microstructure and its changes, creep mechanisms and oxidation kinetics, different 

fatigue results are obtained. Hence, it is important to assess a prediction method for a 

specific alloy and for a specific service application and gas composition.   
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4 DEVELOPMENT OF TEST EQUIPMENT 

4.1 Background 

Corrosion fatigue testing at high temperature is very complex, since it requires a test rig 

with a heating system and a gas-tight chamber around the test specimen with seals that is 

flexible enough to allow fatigue straining of the specimen without any notable frictional 

losses. In this thesis, such a test rig was constructed. The set-up is shown in Fig. 11 and the 

design is described below.   

  

Fig. 11. Set-up of the test rig developed here for fatigue testing at high temperature in a controlled 

gas atmosphere. 

4.2 Test machine 

An Instron 8561 tensile testing machine equipped with an electromechanical actuator and 

an Instron load cell (25kN dynamic, model 2518-101) was used for mechanical testing. 

The machine was equipped with water-cooled hydraulic grips (MTS 646) with a flat 

surface, allowing a chamber to be placed on the grips. The machine was also equipped with 

a control system (Inersjö Systems AB) with an open source code, allowing adaptive design 

to fit almost any desired test procedure. The machine was aligned according to a code of 

practice65, reaching alignment class 10 (i.e. less than 1% error).   

4.3 Gas chamber design 

The gas chamber placed around the test specimen had to be gas-tight, heat-resistant up to 

1000°C and allow for strain and temperature measurement and heating of the test 

specimen. Moreover, no metallic components could be used, since they would be heated by 

the induction coil used for heating the specimen. The final design of the chamber consisted 

of a quartz tube placed between two plates made from the machinable ceramic Macor. An 

illustration of the chamber is provided in Fig. 12. Grooves for placing the quartz tube and 

holes for the test specimen were made in the ceramic plates. In addition, two channels were 

drilled in the lower plate, one for gas inlet and one for thermocouple inlet, and one channel 
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was drilled in the upper plate for gas outlet. In these channels, stainless steel tubes (3 mm 

outer diameter, type 304) were attached using heat-resistant paste (E-Coll). The 

thermocouple inlet was sealed using the same paste. For sealing between the plates and the 

quartz tube, flat Viton rings were placed in the grooves. For sealing against the test 

specimen, a special design was used. On top of the lower grip, a ceramic paper ring was 

placed, followed by a BN ring, the lower Macor plate, the quartz tube with Viton rings, the 

upper Macor plate, another BN ring and two flat springs. For the whole arrangement to be 

gas-tight, the spacing between the grips was adjusted to apply a pressure of 3 kg on the 

springs. This force is transmitted through the whole arrangement down to the ceramic 

paper, which produces a small gap between the lower Macor plate and the lower grip. The 

BN rings have a very important function. They tolerate the diametrical expansion of the 

test specimen during heating, which cannot be taken by the Macor plates without cracking. 

The expansion of the test specimen provides a gas-tight sealing to the BN rings. These 

rings are placed in grooves in the Macor plates, forming another gas-tight seal. The 

arrangement provides a hole in the Macor plates large enough to prevent them from 

cracking due to specimen expansion. To verify that the chamber was gas-tight, argon gas 

was inserted and the oxygen content of the outlet gas measured. This showed an oxygen 

content in the range of 10-16 ppm in the outgoing gas, indicating a gas-tight set-up.        

  

Fig. 12. Illustration of the gas chamber set-up. Induction coil retracted for a clear view. 

4.4 Gas supply and control 

To control the atmosphere in the chamber, a gas system including gas tubes, regulators, 

stainless steel pipes and gas flow meters was built, see Fig. 13. Moreover, to add water 

vapor to the gas, a pressurized H2O reservoir, a liquid flow meter and a controlled 

evaporation module (CEM) were added to the system. To ascertain no leakage in the 

chamber and the correct composition of the gas mixture, the outgoing gas is continuously 

analyzed during specimen testing for its oxygen content using an oxygen probe (Zirox 

SS27). Furthermore, to avoid condensation of the inlet gas, it was decided to place heating 

tubes around the pipes to heat the gas to 80°C. No off-the-shelf solution could be found for 
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the small diameter of the pipes used (3 mm), so an in-house design was devised, see Fig. 

14. The heating tubes were made from three layers of heat-resistant isolation fabrics 

(Karnag AB), a resistance wire and a power unit. First, an inner tube of a weave was made. 

In this tube, the resistance wire was attached. Around the weave tube, a needle-loom felt 

was placed for insulation and then an outer weave with an aluminum-coated surface was 

placed for wear resistance. The resistance wire was connected to a power supply.  

 

 

Fig. 13. Illustration of the gas system set-up in the test rig. 

 

Fig. 14. Process used for manufacturing a heating tube. 

4.5 Temperature control and heating 

For heating the test specimen, an induction system (5kW, TeknoHeat AB) with a circular 

induction coil outside the chamber was selected, see Fig. 15. For controlling the heating, 

the temperature of the test specimen must be accurately measured. This was achieved by 

inserting a thin thermocouple into the chamber through a channel in the Macor plate and 

tying it to the test specimen with a ceramic thread (type ALF, UTAB Ulf Thulin AB). 
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Ceramic thread was selected as it cannot be heated by the induction equipment, which is 

necessary for producing reliable results. A reusable Pt-Rh type S (Pentronic) thermocouple 

was selected. By burning off the isolation, the Pt and Rh threads can be welded to obtain a 

spot for temperature measuring. During testing, only one thermocouple is used. The 

temperature gradient in the measurement length of the test specimen was measured prior to 

testing by mounting three thermocouples on the test specimen, one in the middle and two 

at the end of the measurement length. These showed a temperature variation of  5°C.  

 

Another way of measuring the temperature is to use a pyrometer. However, this is not 

optimal for the present application due to the quartz glass tube in the chamber giving the 

wrong operating conditions for the pyrometer. A glass tube made of CaF2 could work, but 

suppliers could only be found for flat glass sheets. 

 

  

Fig. 15. Heating a SiMo51 test specimen to 800°C using an induction coil without (left) and with 

(right) the gas chamber. 

4.6 Strain control 

For measuring the strain during fatigue testing, a non-contact laser speckle extensometer 

was selected (model LaserXtens compact TZ, ZwickRoell). For high-temperature use the 

extensometer was equipped with a thermotunnel, reducing disturbances from air 

movement. Moreover, green lasers were selected. The main working principle of this 

method is that two lasers are focused onto the test specimen. When the surface is hit by the 

coherent laser beam, a speckle pattern is formed. This pattern is recorded by a camera and 

the strain is calculated from the displacement of two target areas (markers) selected from 

the pattern.   

 

Unfortunately, this method showed some limitations during strain-controlled fatigue 

testing of the SiMo cast iron. This was evident as temporary and repetitive losses in the 

strain signal. This was most likely linked to the fast oxidation of the surface, making it 
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difficult for the camera to match one image to the previous image. To solve this, the testing 

was instead run using strain control from the stroke of the machine and using the 

extensometer only for measuring the strain. To determine the relationship between the 

position of the stroke and the position measured by the laserXtens, load cycling was 

performed. By plotting the stroke position to the laserXtens position, see Fig. 17, a factor 

(k) was determined. This factor was multiplied by the original L0 value (i.e. measurement 

length) to obtain the equivalent length L0. For each material and temperature, a new k 

value must be calculated. From each new L0 value, the strain amplitude required in order to 

reach the set strain (%) of the test specimen is calculated.      

 

Fig. 16. Illustration of laserXtens set-up for measuring the strain during fatigue testing. 

 

Fig. 17. Relationship between position measured by the laserXtens and the position of the stroke.  

There are also other options available for measuring strain. In the literature, one method 

used is a displacement gauge placed outside the furnace66. In this case, the compliance of 

the loading system needs to be calculated in order to determine the displacement of the test 

specimen (compliance test suggested by Jones and West). Another method presented is to 

attach strain transfer rods on the test specimen with a pair of linear variable displacement 

transducers (LVDTs) outside the chamber67. This method has several problems. First of all, 

the strain rods must tolerate the corrosive atmosphere. It is also difficult to get the chamber 

k 
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gas-tight due to the movement of the LVDTs. Moreover, the set-up is difficult to use when 

induction heating is selected, as the metal parts will take up heat. A different and more 

suitable method for direct strain measurement on the test specimen is to use a video 

extensometer (videoXtens). This method works by applying markers on the test specimen, 

which the camera can follow to determine the displacement. This method has recently been 

refined for measuring strain at 700°C and above, as the heat-resistant markers required 

have just become available. This method shows some advantages over the laserXtens 

option. One is that the surface of the markers (Al2O3) does not change as fast as the cast 

iron surface during testing, removing the effect of oxidation. Another advantage is that the 

measurement rate is faster for the videoXtens than for the laserXtens.  

4.7 Uncertainties in the measurement 

The number of instruments used in the test rig brings some measurement uncertainties to 

the results. The resolution of the laserXtens is 0.15 m, giving an uncertainty of 0.2-2 % in 

the strain range used in this thesis. Moreover, the uncertainty of the stroke position is 1% 

and of the load cell 0.25%. The highest contribution of measurement uncertainty is 

probably derived from the temperature measurements. The thermocouple itself has high 

accuracy, 700  0.7 C. The temperature gradient along the measurement length is fairly 

low, 700  5 C. Moreover, the temperature measurement may be affected by oxidation at 

the surface of the test specimen where the thermocouple is attached. 

4.8 Safety aspects 

To make the testing procedure safe, some precautions were necessary. First, the 

temperature and gas controls were included in the test routine by using analogue outputs 

from the control system. This allows the control system to turn off the heating and gas flow 

when the test is finished or aborted by pressing the emergency button. This arrangement 

also provides good control over the test routine and ensures the same test conditions for all 

tests. Moreover, a web camera was installed (D-link, model DCS-5222L) to check the 

status of the testing online. Finally, in case of gas leakage and for disposal of outlet gas 

from the chamber, a local ventilation system was mounted close to the chamber.  
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5 EXPERIMENTAL 

5.1 Materials 

5.1.1 Alloys 

The alloys were cast in ingots with geometry as shown in Fig. 18. The ingots were 

designed to avoid poor formation in the test materials by adding cylindrical bars along the 

test plate. The cylinders and 75 mm of the flat ends of the plate were cut off, leaving a 

plate of size 220 mm x 150 mm x 20 mm for experimental use. The ductile cast irons 

alloys were cast by Casting P.L.C and the cast stainless steels by Smålands Stålgjuteri AB.  

 

 

Fig. 18. Geometry of ingots, values in mm.  

To increase the maximum operating temperature for SiMo51, modifications were made by 

adding elements for improving the high-temperature strength and oxidation resistance, 

such as Cr, Ni, Mo and Si. The chemical composition of the modified SiMo alloys is 

presented in Table 4. Moreover, for use at higher temperatures, the austenitic ductile cast 

iron Ni-resist D5S (see Table 4) and five different cast stainless steels (Table 5) were 

studied. The first four of the cast stainless steels are fully austenitic, while the fifth is fully 

ferritic in accordance with the Cr and Ni content. It should be pointed out that A3N is a 

modification of the HF alloy with additions of Nb, W and Co, and that HK-Nb is a 

modification of the HK30 alloy by addition of Nb. In addition, HK30 is a commercial 

alloy, commonly found in exhaust manifolds of high-power gasoline engines. 
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Table 4. Chemical composition of ductile cast irons1, given in wt% (Fe bal.). 

Alloy C Si Mn Cr Ni Mo Mg 

SiMo51 3.17 4.15 0.4 0.1 0.04 0.86 0.052 

SiMo51+0.5Cr 3.28 4.23 0.35 0.52 0.06 0.78 0.052 

SiMo51+1Cr 3.28 4.19 0.36 0.94 0.52 0.86 0.048 

SiMo51+0.3Cr1Ni 3.19 4.20 0.31 0.33 1.23 0.83 0.050 

SiMo51+0.6Cr1Ni 3.23 4.08 0.30 0.72 1.27 0.78 0.042 

SiMo51+1Ni 3.06 4.19 0.38 0.07 1.29 0.86 0.056 

SiMo62 3.22 5.32 0.35 0.16 0.02 1.41 0.051 

Ni-resist D5S 2.41 5.38 0.28 1.77 33.12 0.18 >0.056 

1All alloys contain the following minor elements (average values in wt%): 0.02 Al, 0.01 Co, 0.02 

Cu, 0.01 Nb, 0.02 P, 0.01 S, 0.005 Sn, 0.01 Ti, <0.01 V and <0.01 W. 

 

Table 5. Chemical composition of cast stainless steels1, given in wt% (Fe bal.).  

Alloy C Si Mn Cr Ni Nb W Co 

HF 0.33 1.50 1.43 18.76 8.87 0.01 0.01 0.02 

A3N 0.57 0.58 1.05 19.59 10.15 1.75 2.28 0.29 

HK30 0.51 1.50 1.45 25.41 18.67 <0.005 0.01 0.029 

HK-Nb 0.37 1.29 0.96 25.38 22.4 1.39 0.02 0.031 

1.4509 0.023 0.81 0.75 17.90 0.12 0.36 <0.01 0.019 
1All alloys contain the following minor elements (average values in wt%): 0.04 Al, 0.02 Cu, < 0.01 

Mo, 0.02 P, 0.005 S, 0.05 Ti and 0.05 V.   

5.1.2 Thermal barrier coatings 

SiMo51 was coated with five different air plasma-sprayed coatings (mullite, forsterite, 

La2Zr2O7, 8YSZ and a nanostructured 8YSZ) and two different sol-gel composites; one 

slurry sprayed and one slurry dipped. Disc-shaped samples of these with 12 mm diameter 

and 4 mm thickness were milled with SiC paper to a finish of 600 grit, ultra-sonically 

cleaned in acetone for 15 min, washed with ethanol and deionized water and finally sand-

blasted prior to coating. The combinations of bond coat and TBC included in the study are 

given in Table 6. The bond coats on the samples were applied using air plasma spraying. 

 

The plasma-sprayed TBCs were applied onto a plasma-sprayed bond coat with chemical 

composition Ni22Cr10Al1Y by Oerlikon Metco (Wohlen, Switzerland). Spray parameters 

are given in Paper VI.   
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The sol-gel composite was developed and coated onto samples by Datec Coating 

Corporation (Mississauga, Canada). Prior to coating, a bond coat with chemical 

composition Ni23Co20Cr8.5Al4Ta0.6Y (wt%) and thickness 50 m (5 m) was applied 

using plasma spraying. The coating formulation contained zirconia powder (4Ca1YSZ, 

wt%) mixed with a silica sol-gel binder. The mixture was applied using two different 

techniques: slurry spraying (using a Bings HVLP air gun, model MG1) and slurry dipping. 

Multi-layers were applied to obtain the required thicknesses. The thickness per layer was 

9-11 µm for the spray sample and 8-10 µm for the dip sample. To obtain 100 µm thick 

coatings, 10 layers were applied. Each layer was subjected to a two-step firing process 

holding the test specimen at 600°C for 30 min and then at 800°C for 10 min. 

 

Table 6. Description of coating systems included in the study. All bond coats were plasma sprayed.    

Bond coat Topcoat 

Type 
Thickness 

μm 
Type 

Thickness         Coating 

method 

μm 

NiCrAlY 135  12 8YSZ  381  13           Plasma spray 

NiCrAlY 135  12 Nano-8YSZ  261  23           Plasma spray 

NiCrAlY 135  12 La2Zr2O7  294  7             Plasma spray 

NiCrAlY 135  12 
Mullite 

(3Al2O32SiO2) 
440  21           Plasma spray 

NiCrAlY 135  12 
Forsterite 

(2MgOSiO2) 
301  9             Plasma spray 

NiCoCrAlTaY 50  5 Sol-gel composite  100  10           Slurry spray 

NiCoCrAlTaY 50  5 Sol-gel composite 100  10           Slurry dip 
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5.2 High-temperature oxidation testing 

5.2.1 Air 

Oxidation tests in ambient air were performed in a chamber furnace (model Naber 

N60/HR) at 700 and 800°C for the cast irons and at 900°C for the cast steels and the Ni-

resist alloy, with exposure times ranging from 6 up to 330 h. Test squares (triplicates) of 

size 20 mm x 20 mm x 5 mm were placed in the furnace before heating. The time for 

heating up was 1-2 h. The exposure time was calculated from the point when the furnace 

had reached the pre-set temperature.  

5.2.2 Diesel exhaust gas 

The oxidation tests in exhaust gases were carried out by mounting test specimens in the 

form of screws in the exhaust manifold of a diesel test engine, exposing their front milled 

end to the exhaust gases, see schematic illustration in Fig. 19. The engine was run to 

produce different test series, one for isothermal exhaust temperatures of 700 up to 740°C, 

one for thermal cycling between 240 and 730°C and one between 180 and 760°C. The 

approximate exhaust gas composition is given in Table 7. During the tests, the exhaust gas 

flow during full load was 1775 kg/h, giving an estimated gas velocity of more than 100 

m/s. 

 

Table 7. Exhaust gas composition1,2, given in mol. %, N2 bal. 

O2 H2O CO2 CO NOx 
SOx 

ppm 
HC3 

4 4 9 0.01 0.03 0.4 0.004 

1Measured at 650◦C during full load (1900rpm) with an air-to-fuel ratio of 1.6. 
2Diesel fuel containing 10ppm S and 7% biodiesel 
3Unburned fuel 
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Fig. 19. Schematic illustration of oxidation testing in exhaust gases, which was conducted by 

mounting test specimens in the form of screws in the exhaust manifold of a diesel test engine.  

5.2.3 Synthetic gases  

Oxidation testing in synthetic gas was performed as a complement to testing in diesel 

exhaust gas, since the cast steels and Ni-resist D5S also needed to be tested at higher 

temperatures than can be produced by the diesel test engine. The test was conducted in a 

0.6%O2-1.2%H2O-Ar (bal.) gas mixture at 900°C using a tube furnace with exposure times 

ranging from 6 to 96 h. Water vapor was added to the gas by bubbling the gas mixture 

through a humidifier. The oxygen content was measured in the outlet gas using a Zirox 

SGM5 oxygen analyzer. Test specimen size and sample preparation were similar to when 

testing in air.  

 

Prior to oxidation, the test squares and screws were milled with SiC paper to a finish of 

1200 grit, ultra-sonically cleaned in acetone for 15 min, and finally washed with ethanol 

and deionized water. The oxidation in air was monitored by measuring the weight gain per 

surface unit area of the specimens, while the oxidation in exhaust gases was monitored by 

measuring the oxide thickness. After exposure, polished cross-sections, mounted in 

conductive Bakelite, were examined using the techniques described in section 5.5.  
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5.3 High-temperature mechanical testing 

5.3.1 Tensile testing 

High-temperature tensile testing was performed using an MTS 810 Material Test System 

(100kN) equipped with a 2-heating-zone furnace (model MTS653.02). The specimen 

geometry is shown in Fig. 20a. The temperature of the test specimen was checked using 

two thermocouples (Pentronic Inc 600, diameter 0.5 mm, type K), attached on the upper 

and lower part of the gauge length by thin, stainless steel wires. Strain-controlled 

experiments were conducted with a strain rate of 0.004 mm/s (0.00008 /s) at constant 

temperatures from 23°C up to 1000°C (±10°C). An MTS extensometer with ceramic rods 

was employed to measure the strain amplitudes. Stress and strain data were collected using 

the MPT (Multiple Purpose Testware) software. 

5.3.2 Fatigue testing 

Low-cycle fatigue testing was performed on a Schenk tensile test machine (100 kN) 

equipped with an MTS control system, using specimens with geometry as shown in Fig. 

20b. Since the equipment required threaded specimen ends, special adapters were used to 

prevent movement of the specimens inside the threads during testing. For heating the test 

specimen, the test machine was equipped with a three heating zone furnace (model MTS 

653.04). The temperature of the specimen surface was measured in the same way as during 

the tensile testing. Isothermal fatigue tests were performed symmetrically (R= -1) in air 

and with a constant strain rate of 10-3/s. The strain was monitored using an MTS 

extensometer with ceramic rods. Tests were made at temperatures ranging from 20°C to 

900°C. For each combination of material and temperature, five strain amplitudes were 

applied, generating a lifetime of 300-30,000 cycles. 

   

 

Fig. 20. Test specimen geometries employed during a) tensile testing and b) LCF testing, 

dimensions in mm.  

  

(a) (b) 
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5.4 High-temperature corrosion fatigue testing 

High-temperature corrosion fatigue tests were conducted at 700°C in three atmospheres: i) 

Ar+1%H2, ii) air and iii) synthetic diesel exhaust gas composed of 5%O2-10%CO2-

5%H2O-1ppm SO2-N2 bal. using test specimens as shown in Fig. 21. A mechanical testing 

machine (Instron 8561) with a set-up as described in section 4 was used. The tests were 

performed symmetrically (R= -1) with a constant cycling time of 30 s per cycle (0.03 Hz). 

For each environment, 6-8 strain amplitudes were applied, generating a lifetime of 300 to 

30,000 cycles. A 90% tensile load drop was used as the fracture criterion. 

 

Fig. 21. Test specimen geometry employed during corrosion fatigue testing, dimensions in mm. 

5.5 Analysis and sample preparation  

5.5.1 Microscopy 

High-resolution micrographs were taken using a field emission gun scanning electron 

microscope, FEG-SEM (Zeiss Sigma VP with Gemini field emission column) and element 

analyses were made using an energy dispersive spectrometer, EDX (INCA, Oxford 

Instruments). In addition, a light optical microscope, LOM (Zeiss Axio) was used for 

micrographs and a stereo microscope (Zeiss Discovery V12) was used for macrograph 

imaging.  

5.5.2 EBSD 

Crystalline oxide phases and their defect structures were characterized using SEM (LEO 

1530 with Gemini field emission column) equipped with an electron backscatter 

diffraction, EBSD, detector. The analysis was performed by inserting a flat, polished 

sample, tilted by 70°, into the SEM. When an electron beam was applied, electrons were 

diffracted, forming a Kikuchi pattern characteristic of the crystal structure and the 

orientation from which it was generated on a fluorescent screen, which is recorded by a 

CCD camera. Phases were then identified by matching with theoretical data. 
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5.5.3 XRD 

X-ray Diffraction (D8, Bruker AXS) was run directly on the oxidized surfaces using Cu-

K X-Rays with energy dispersive detector (SolX Bruker) to characterise crystalline 

phases in the oxide scale.  

5.5.4 Hardness measurements 

The Brinell hardness (HBW) was measured using a KB3000 hardness testing machine (ball 

diameter 2.5 mm, force-diameter ratio 30 N/mm2, nominal value of test force 1.839 kN) to 

measure the bulk hardness of alloys. For measuring the hardness of coatings, the Vickers 

hardness (Hv) was determined using a micro-indentation apparatus (Matzuzawa MXT30). 

For the plasma-sprayed TBCs and the sol-gel composite coatings, loads of 300 g and 100 

g, respectively, were applied on the cross-sectional surface of the coatings. An average 

value of 10 hardness indentations was used for all tests. 

5.5.5 Sample preparation 

For cross-section examinations, specimens were mounted in conductive Bakelite followed 

by grinding and polishing. For surfaces sensitive to spallation, such as some oxide scales, 

two surfaces were attached to each other using conductive epoxy (CW2400) before 

grinding. This method was also applied for samples studied with EBSD, where the 

application of epoxy contributed to more planar oxide surfaces. Furthermore, for etching of 

microstructures, Nital 2% was used.   
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6 SUMMARY OF RESULTS  

 

The results obtained in thesis are described in full in Papers I to VI, while a summary and 

discussion of these papers is provided below. Papers I-II describe an approach for 

improving the oxidation resistance and mechanical properties of SiMo51 by alloy 

modification. Another approach for improving the life of exhaust manifolds is to change to 

a different material of higher strength and oxidation resistance. This is discussed in Papers 

III and IV, which study high-temperature corrosion behaviors and high-temperature 

mechanical properties of new materials, respectively. The interaction of oxidation and 

fatigue is examined in Paper V, where the fatigue properties of SiMo51 are tested in argon, 

air and diesel exhaust gas. A final approach for improving the life of exhaust manifolds by 

thermal barrier coatings is described in Paper VI.  

6.1 Alloy modification of SiMo51  

6.1.1 Design approach 

There are different ways of improving the heat resistance of SiMo51 by modifying its 

chemical composition. As the temperature is increased, atoms are thermally activated and 

the vacancy concentration is increased. This decreases the strength of the material as grain 

boundaries and grains become soft and dislocation movement is enhanced, making the 

material easier to deform68,69. Hence, when increasing the high-temperature strength by 

changing the microstructure, general approaches are to increase the strength of the matrix 

by solid solution hardening, precipitation hardening and grain boundary hardening. Solid 

solution hardening is achieved by adding elements entering the substitutional sites in 

ferrite, for example Si, Ni, P, Mn or Cu. Precipitation and grain boundary hardening can be 

achieved by adding carbide-forming elements, such as Cr or Mo. Moreover, for increased 

heat resistance, improvement of the high-temperature oxidation resistance is essential.   

 

Si is an important alloying element in ferritic ductile irons as it promotes graphite 

formation, stabilizes ferrite and improves the oxidation resistance. By increasing the Si 

content, the A1 temperature is increased, raising the upper temperature limit of the alloy. 

For a fully ferritic cast iron, increased Si content contributes to improved strength by 

solution hardening of the ferrite, but a side effect is reduced ductility. Additions of Si to up 

to 4 wt% have shown a great increase in the thermal fatigue resistance, whereas higher 

amounts (>5%) have shown negative effects, such as increased brittleness3. Another 

element known for improving the high-temperature oxidation resistance is Cr, which forms 
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a protective chromia layer on the alloy surface. However, it is also a strong carbide former 

and stabilizer of pearlite. Hence, the amount must be kept low to improve the strength 

without causing brittleness. Moreover, for improving the high-temperature mechanical 

properties, Mo or Ni can be added. Mo is a strong carbide former and is known for 

improving creep properties. As for Cr, the Mo content must be kept low to avoid 

brittleness. Ni, on the other hand, improves the high-temperature strength from solution 

hardening of the ferritic matrix. One side-effect when added to a ferritic alloy is that it 

stabilizes austenite, which could be negative as it may decrease the A1 temperature. Based 

on these arguments, a selection of SiMo alloys with additions of Si, Mo, Cr and Ni were 

manufactured and tested. Their chemical composition is given in Table 4 in section 5.1.1.  

6.1.1.1 Increasing Si and Mo  

On increasing the Si content to 5.3 wt% and the Mo content to 1.4 wt% (alloy SiMo62 in 

Table 4), the embrittling behavior observed by others was confirmed. Tensile testing of this 

alloy at room temperature resulted in fracture at three different positions, see Fig. 22a. This 

brittle behavior was caused by a microstructure displaying a network between fine carbides 

precipitated in grain boundaries and coarse intercellular carbides, as shown in Fig. 22b. In 

addition, chunky graphite had formed, contributing increased brittleness70. Due to the poor 

room temperature properties of this alloy, it was ruled out as a candidate material to 

SiMo51 and therefore not included in the subsequent tests.     

   

Fig. 22. a) SiMo62 tensile-test specimen after rupture and b) SEM image showing the 

microstructure of SiMo62.    

6.1.1.2 Addition of Cr and Ni 

From a microstructural point of view, the addition of Cr and Ni to SiMo51 seemed more 

promising than increasing the Si and Mo content. Five different combinations were tested. 

In two of the alloys, Cr and Ni were combined with the intention of improving both 

oxidation resistance and mechanical properties at high temperatures. The microstructures 

(a) (b) 
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of the different combinations are shown in Fig. 23a-f. SiMo51 was confirmed to consist of 

graphite nodules and M6C (M=Fe, Mo, Si) carbides distributed in a ferritic matrix. 

Addition of Cr resulted in increased formation of carbides and some pearlite, see Fig. 23g. 

The carbides were observed to be of two types; M6C and a Cr-rich carbide present in a 

mixed structure, as shown in Fig. 23h. Based on Thermo-Calc calculations and EDX 

analysis, the Cr-rich carbide was likely to be of the M7C3 type. Some of the added Cr was 

dissolved in the ferritic matrix. As expected, the carbide content was not influenced by the 

addition of Ni. Instead, Ni was dissolved in the ferritic matrix. Using Thermo-Calc, the A1 

temperatures were calculated. Despite the low alloying amount of Ni, it was found to 

reduce the A1 temperature by 30°C. Based on the calculations, the austenite transformation 

starts at 830°C for SiMo51 and at 800°C for the Ni-amended SiMo alloy.      

 

 

   

Fig. 23. Micrograph images of a) SiMo51 with the addition of b) 0.5Cr, c) 1Cr, d) 0.3Cr and 1Ni, e) 

0.6Cr and 1Ni, f) 1Ni, g) carbide region in 0.6Cr and 1Ni and h) SEM image showing the carbide 

structure in 0.5Cr.  

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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6.1.2 Effect on high-temperature oxidation resistance 

Over the years, work has been done to improve the high-temperature oxidation resistance 

of SiMo51. As already mentioned, alloying with Si contributes to oxidation resistance. 

This is obtained from the formation of a thin and compact Si-oxide film at the oxide/metal 

interface working as a barrier to O and Fe diffusion. However, as recently discussed, the 

amount of Si has reached its upper limit and other additives must therefore be considered 

for further improvement. It has been reported that small Cr additions (0.5-0.7 wt%) 

improve the oxidation resistance of grey cast irons71,72, and of a SiMo alloy73 at elevated 

temperatures, but those experiments were conducted only in air. To examine the effect of 

Cr additions in real service conditions, oxidation tests in diesel exhaust gas were performed 

in this thesis. As already mentioned, Ni is added to improve the mechanical properties. In 

earlier studies, elements added for improving strength, for example vanadium, V, resulted 

in decreased oxidation resistance73. Nevertheless, Ni has been found to improve the 

oxidation behavior of ductile cast iron at room temperature74. However, studies on the 

effect of Ni in SiMo alloys at high temperatures are few. Hence, the effect of Ni on high-

temperature oxidation resistance was therefore examined in the oxidation study.  

 

The alloys were first tested at 700 and 800°C in air (as described in section 5.2.1). 

Thereafter, they were tested in diesel exhaust gas in a test engine by mounting test samples 

in the exhaust manifolds (as described in section 5.2.2). The engine was run to produce two 

test series, one for isothermal exhaust temperatures of 700 up to 740°C for 50 h and one for 

thermal cycling between 240 and 730°C for 700 h.  

6.1.2.1 High-temperature oxidation in air 

The oxidation behavior of the test alloys in air is presented in Fig. 24, which shows weight 

gain curves from testing at 700 and 800°C. From the results, it can be noted that both Cr 

and Ni improved the oxidation resistance of SiMo51 at 700°C. However, on increasing the 

temperature to 800°C a different behavior occurred. The Cr additions of 0.5 wt% and 1 

wt% still showed an improvement of the oxidation resistance, but the Ni-alloyed variants 

showed strongly reduced oxidation resistance with large weight gain and linear oxide 

growth, showing no sign of growth stabilization.  
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Fig. 24. Weight gain curves after oxidation in air at a) 700°C and b) 800°C.  

In the initial stage of oxidation of SiMo51, Fe-oxides nucleate at matrix/graphite and 

matrix/carbide interfaces, forming oxide islands after some time. Simultaneously, a slow 

growing Si-rich oxide is formed on the substrate surface. This is illustrated in Fig. 25 after 

oxidation at 800°C. With time, the oxide scale developed into three distinct oxide layers 

consisting of Fe-oxide (Fe2O3+Fe3O4), mixed Fe-Si-oxide and a SiO2 layer, see Fig. 26. On 

adding Cr, the oxide scale also included a Cr-rich layer, suggested to be FeCr2O4 according 

to Thermo-Calc and XRD, at the oxide/metal interface, see Fig. 27. This can explain the 

improved oxidation resistance of these alloys seen at both 700 and 800 °C. Addition of Ni, 

on the other hand, showed the opposite effect on the oxidation resistance at 800°C. In the 

Ni-containing alloys, an irregular silica layer was observed, providing no barrier function 

in many positions, see Fig. 28. This appearance of the oxide scale can explain the 

catastrophic oxidation resistance seen at 800°C in air.  

 

Fig. 25. Oxidation of SiMo51 in air at 800˚C, showing topographical view after a) 15 min and b) 96 

h.  

(a) (b) 

(a) (b) 
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Fig. 26. Oxide scale formed on SiMo51 in air at 800C showing (a) a multi-layered structure of 

outer Fe2O3 and Fe3O4, an inner (Fe, Si)-oxide and (b) a barrier layer of SiO2.  

  

Fig. 27. SEM image of oxide scale formed on SiMo51 with addition of 1 wt% Cr in air (800C, 96 

h) showing a) oxide scale structure and b) distribution of Cr.  

 

Fig. 28. SEM image of oxide scale formed on SiMo51 with addition of 1 wt% Ni in air (800C, 96 

h) showing an oxide scale with a non-uniform SiO2-barrier layer. 

6.1.2.2 High-temperature oxidation in diesel exhaust gas 

Oxidation testing in diesel exhaust gas was conducted for SiMo51, 1Cr and 1Ni and 

showed different behavior than in air. First of all, the oxidation was much faster. After 7.5 

h at 700°C, the alloy had formed a continuous and uniform oxide scale. Secondly, no 

significant improvement from the Cr and Ni addition could be seen. All alloys developed 

scales with a four-layer structure consisting of an outer Fe-oxide with P-rich precipitates, a 

mixed Fe-Si-oxide with precipitates of carbide-forming elements, a mixed Fe-Si-oxide 

with SiO2 precipitates and a layer of internal oxidation. An example of this structure is 

(a) (b) 

(a) (b) 
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shown in Fig. 29. The exposure conditions and alloy gave some variation in the appearance 

of the second and the third layer, indicated as layer b and c in Fig. 29. During thermal 

cycling for 700 h, all alloys developed a continuous layer of Si-rich oxide. Comparing this 

layer to the barrier layer formed in air, the latter seemed more compact and contained a 

higher level of SiO2. The presence of internal oxidation indicates suppressed SiO2 

formation and slow growth of this oxide in the exhaust gas. The isothermal exposures 

between 700 and 740°C for 50 h gave slightly reduced performance for the modified 

alloys. In these tests, SiMo51 showed similar appearance of the oxide scale as during the 

thermal cycling tests, while 1Cr formed a continuous Si-rich layer at 720 and 740°C but 

not at 700°C during the isothermal tests. Moreover, 1Ni did not form a continuous Si-rich 

layer at any of the test temperatures. It is important to note that no Cr-oxide was detected 

in any of the tests conducted in exhaust gas.       

 

Fig. 29. SEM image of oxide scale formed on SiMo51 exposed to exhaust gases at 700°C for 50 h, 

showing a scale structure of a) Fe-oxide with P-rich precipitates, b) mixed Fe-Si-oxide with 

precipitates of carbide forming elements, c) mixed Fe-Si-oxide with SiO2 precipitates and d) internal 

oxidation. 

6.1.3 Effect on mechanical properties 

To examine the effect of Cr and Ni additions on SiMo51, tensile testing (described in 

section 5.3.1) was conducted on SiMo51 and the five Cr- and Ni-modified variants. Based 

on these results, SiMo51 and two of the most promising modifications were tested for their 

low cycle fatigue properties at room temperature, 250, 500 and 700°C (described in section 

5.3.2).  

 

The tensile properties at room temperature of these alloys are presented in Table 8. It can 

be seen that both Cr and Ni improved the yield strength (Rp0.2) and hardness, which can be 

linked to increased carbide formation from Cr and solid solution strengthening from Ni. 

However, adding Cr reduced the elongation, with 1 wt% Cr and the combination of 

0.6wt% Cr and 1wt% Ni resulting in an elongation value of 0.9%, which is not acceptable. 
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In an internal standard, a minimum value for the room temperature elongation of 7% is 

specified. For this reason, the Cr content should be kept low, 0.5 wt% or below. On adding 

1 wt% Ni alone to SiMo51, only a moderate reduction in elongation was observed, 7.8%.   

 

Table 8. Room temperature data showing values of E-modulus (E), yield strength (Rp0.2), tensile 

strength (Rm), total elongation (At) and Brinell hardness (HBW) of the different alloys tested. 

Ductile iron alloys 
E Rp0.2 Rm At Hardness 

GPa MPa MPa % HBW 

SiMo51 147 473 583 9.8 216 

SiMo51+0.5Cr 139 501 586 4.5 236 

SiMo51+1Cr 165 540 579 0.9 256 

SiMo51+0.3Cr1Ni 147 528 621 4.0 245 

SiMo51+0.6Cr1Ni 151 548 573 0.9 259 

SiMo51+1Ni 167 526 661 7.8 240 

 

From the tensile test results, additions of 0.5 wt% Cr and 1 wt% Ni were selected for LCF 

testing. The stress-number of cycles (S-N) curves obtained from these tests are presented in 

Fig. 30. They reveal that Ni addition improved the fatigue life at room temperature and at 

250°C. At higher temperature, no significant improvement was seen. The Cr addition 

showed a small improvement of the fatigue life only at room temperature.    

 

Fig. 30. Low-cycle fatigue results for SiMo51, SiMo51+1 wt% Ni and SiMo51+0.5 wt% Cr 

obtained at a) 20°C and b) 700°C. The same symbols are used in both figures.  

Microstructural examination revealed that the LCF generally produced transgranular crack 

paths with a ductile final fracture for all alloys. The cracks were observed to grow either 

along the graphite/ferrite interface or through the nodules. The percentage of ductile 

fracture increased with temperature and at 700°C only ductile fracture was observed. The 

Ni addition resulted in a more oxidized fracture surface compared with SiMo51 and 0.5 

wt% Cr addition. Otherwise, no significant difference in fracture behavior was observed 

for the alloys.  
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6.2 New candidate materials 

6.2.1 Design approach  

For selecting new materials for exhaust manifolds, the focus was on improved high-

temperature strength and oxidation resistance. This can be found for austenitic ductile irons 

or cast stainless steels. In these alloys, Cr-carbides are commonly present and provide 

strength. However, Cr is also important for their high-temperature oxidation resistance. 

The formation of Cr-carbides results in depletion of Cr at grain boundaries and reduction 

of Cr in the austenitic phase, both reducing the oxidation resistance. A common approach 

to avoid this but still maintain high-temperature strength and reduce dislocation movement 

is to add other carbide-forming elements. For example, Ti and Nb form more stable 

carbides than the secondary carbide precipitates of Cr75. As for the ductile irons, another 

method for improving the strength is by solution hardening of the matrix. Both of these 

approaches were used for the heat-resistant alloys developed for exhaust applications 

described in section 3.1.2. For example, the 20Cr/10Ni austenitic cast alloy designated 

NSHR-A3N contains both Nb and W additions, providing both particle and solid solution 

hardening. The same elements were added to a 25Cr20Ni cast alloy (ACI HK40-type) by 

Y-J. Kim76 who observed increased strength from W addition but reduced ductility, and 

suggested an optimum W content of 2wt%. In the 19Cr/10Ni alloy designated CF8C-Plus, 

solid solution strengthening was obtained by N and Mn addition and precipitation 

strengthening from fine, nanoscale NbC9,77. Since austenitic steels are expensive, there is 

interest in examining ferritic cast steels too. As already mentioned, one such alloy is the 

StarCast DCR3, also containing Nb and W.  

 

Based on reported literature, a test matrix including an austenitic ductile cast iron named 

Ni-resist D5S and five cast stainless steels, four austenitic and one ferritic, was created. 

Among the austenitic cast steels, carbide-forming (Nb) and solid solution-strengthening 

(W, Co) elements were added. Their chemical composition is given in Table 5 in section 

5.1.1.  

6.2.2 Microstructures 

The microstructures of the candidate materials are shown in Fig. 31. Ni-resist D5S showed 

a microstructure of graphite nodules and M6C- and Cr-rich carbides in an austenitic matrix 

(Fig. 31a). However, Ni-resist had a slightly low nodularity, 70%, which should be borne 

in mind when discussing its mechanical properties. According to ISO standard 78 , a 

nodularity of 80% is required for ductile irons. The austenitic cast stainless steels displayed 
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dendritic structures with carbides precipitated in the interdendritic regions, suggested to be 

of the types M3C7 and M23C6 (M=Cr, Fe) according to Thermo-Calc calculations. A3N 

(Fig. 31c) and HK-Nb (Fig. 31e) also contained NbC. Moreover, EDX confirmed a solid 

solution of W and Co in A3N. From the microstructure images, A3N and HK-Nb appear to 

have their carbides distributed in a more compact arrangement, allowing for larger carbide-

free volumes than in HF (Fig. 31b) and HK30 (Fig. 31d). In the literature, similar 

observations have been reported following Nb addition to an ACI HP-alloy (33Ni26Cr), 

with refinement of the as-cast microstructure75. Finally, as can be seen in Fig. 31f, the 

microstructure of the ferritic cast stainless steel, 1.4509, showed extremely large grains, 

containing small precipitates based on the metallic elements (Ti,V), Nb and Al. 

 

 

 

Fig. 31. Micrographs showing the microstructure after etching of a) Ni-resist D5S, b) HF, c) A3N, 

d) HK30, e) HK-Nb and f) 1.4509.  

6.2.3 Thermal conductivity and thermal expansion 

Physical properties, such as thermal conductivity and thermal expansion coefficient, are 

important to evaluate as they influence the thermal cycling behavior. To reduce stresses 

built up upon cooling and heating, high thermal conductivity and low thermal expansion 

coefficient are desired.  

 

The values measured for SiMo51 and the candidate materials are presented in Fig. 32. As 

can be seen, the ferritic alloys, SiMo51 and 1.4509, showed the highest thermal 

conductivity and the lowest thermal expansion. For SiMo51, points above 850°C deviated 

because of the onset of the ferrite-to-austenite phase transformation. It should be noted that 

the modified austenitic steels, A3N (additions of Nb, W and Co) and HK-Nb (addition of 

(a) (b) (c) 

(d) (e) (f) 
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Nb), showed higher thermal conductivity than the base alloys, HF and HK30. For the 

thermal expansion, on the other hand, the differences were smaller. Compared with the 

austenitic steels, the austenitic cast iron, Ni-resist D5S, generally showed lower thermal 

expansion. However, above 500°C the difference was quite small. 

 

 

Fig. 32. a) Thermal conductivity,  (W/m K) and b) coefficient of linear thermal expansion, α (1/K), 

as a function of temperature for the test alloys. The same symbols are used in both figures.  

6.2.4 High-temperature oxidation  

For testing the high-temperature oxidation resistance of the candidate materials, three 

different tests were conducted. In the first test, oxidation in exhaust gas was carried out in a 

diesel test engine (described in 5.2.2) for 1000 h with temperatures varying between 180 

and 750°C. Since the candidate materials are intended for use at higher temperatures than 

the diesel engine can produce, two additional tests were performed, at 900°C in air 

(described in section 5.2.1) for 6 to 330 h and in a 0.6%O2-1.2%H2O-Ar gas mixture 

(described in section 5.2.3) for 6 to 96 h.  

6.2.4.1 Oxidation in air 

The oxidation behavior in air at 900°C was compared to that of SiMo51 tested in air at 

800°C. As can be seen in Fig. 33a, all of the test alloys showed improvements over 

SiMo51, with Ni-resist, HK30, HK-Nb and 1.4509 all showing protective behavior with 

stabilized oxide growth. HF and A3N, on the other hand, showed non-protective behavior.  

 

(a) (b) 
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Fig. 33. Weight gain curves after oxidation in a) air, cast steels and Ni-resist D5S at 900°C and 

SiMo51 at 800°C and b) in 0.6%O2-1.2%H2O-85%Ar at 900°C.  

The appearance of the weight gain curves can be explained by the structure of the oxide 

scales formed on the alloys. Ni-resist D5S formed an oxide scale with an outer Fe-oxide, 

an inner (Fe, Si)-oxide and a barrier layer of Cr-oxide at the oxide/metal interface. It can be 

mentioned that during oxidation testing in air at 700 and 800°C (results not presented 

here), Ni-resist showed non-protective behavior with oxide spallation. Similar results have 

been seen by others79. The cast steels initially developed similar oxide scale structures with 

an outer, fine-grained and compact spinel of composition close to MnCr2O4, an inner layer 

of Cr2O3 and a non-continuous zone of Si-oxide at the oxide/metal interface. After some 

time, Fe-oxide started to form on top of the (Cr, Mn)-layer. For HK30, HK-Nb and 1.4509, 

this Fe-oxide formation was minor, whereas HF and A3N developed a thick Fe-oxide 

layer. An illustration of the different structures of the (Cr, Mn)-spinel and Fe-oxide is 

given in Fig. 34, clearly showing the lower protectiveness of the Fe-oxide.   

 

Fig. 34. Planar view of a) compact MnCr2O4 (HK30, air, 900°C) and b) porous Fe2O3 (HK30, air, 

900°C).  

6.2.4.2 Oxidation in O2/H2O gas mixture 

The oxidation test in the O2/H2O gas mixture resulted in increased Fe-oxide formation for 

all alloys. As can be seen in Fig. 33b, HK30 and 1.4509 still showed protective behavior. 

Ni-resist D5S and HK-Nb showed some minor spallation and HF and A3N showed severe 

(a) (b) 

(a) (b) 
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oxide spallation. The Fe-oxide formation on 1.4509 was lowest among the alloys. 

However, the scale showed reduced adhesion during sample preparation. Hence, HK30 can 

be considered to show the best performance among the test alloys.  

6.2.4.3 Oxidation in diesel exhaust gas 

In the oxidation test in diesel exhaust gas, one alloy from each material group was tested: 

SiMo51, Ni-resist D5S, HK30 and 1.4509. The main finding from this test was that the 

formation of Si-oxide was suppressed. SiMo51 showed similar oxide structure as in the 

previous engine test, described in section 6.1.2.2, with a multi-layered scale of Fe-oxide 

and (Fe-Si)-oxide and a suppressed SiO2 barrier layer. Ni-resist D5S showed an oxide scale 

with an outer Fe-oxide and an inner (Fe, Si)-oxide. Compared with the tests performed at 

900°C, the Cr- and Si-oxide formation was reduced. The cast steels, HK30 and 1.4509, 

displayed an oxide structure of an outer (Cr, Mn)-spinel and an inner Cr-oxide. In both 

alloys, Si-oxide was absent. In addition, some oxide spallation was observed for HK30. 

The different oxide scale structures observed in air and in diesel exhaust gas are shown for 

HK30 in Fig. 35.  

  

Fig. 35. SEM images showing oxide scales formed on HK30 in a) diesel exhaust gas and b) in air at 

900°C.  

6.2.5 High-temperature mechanical and fatigue properties  

The high-temperature mechanical properties of the candidate materials listed in Table 5 

were examined by performing high-temperature tensile testing (described in section 5.3.1) 

and LCF testing (described in section 5.3.2).  

6.2.5.1 Elongation 

From tensile testing, the total elongation was obtained, see Table 9. The cast irons and the 

HF-steel showed satisfactory values, whereas the rest showed low values. As expected, 

higher brittleness was encountered on increasing the carbide content.  

(a) (b) 
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Table 9. Total elongation (At) measured at room temperature. 

Alloy SiMo51 
Ni-resist 

D5S 
HF A3N HK30 HK-NB 1.4509 

At, % 9.8 8.9 8.2 2.3 3.0 1.9 1.5 

 

6.2.5.2 High-temperature strength and fatigue life 

Tensile testing showed that SiMo51 loses its strength at temperatures above 500°C. 

Between 700 and 900°C, Ni-resist and the austenitic cast steels displayed higher strength, 

see Fig. 36a. Similar results were seen after LCF testing, where the fatigue life of SiMo51 

was observed to be superior to all test alloys up to 500°C but lower at 700°C. At 800°C, 

Ni-resist D5S showed slightly higher fatigue life compared with the austenitic cast steels 

HF and HK30 but at 900°C it decreased drastically, making the austenitic cast steels the 

superior alloys. Adding carbide-forming elements to HF and HK30 increased both yield 

strength and LCF life. The S-N curves obtained after LCF testing at room temperature, 

700°C and 900°C are shown in Fig. 36b-d. Among the steels, the HF alloy showed lower 

strength and fatigue life. Fracture surface examination revealed that cracks initiated either 

at the surface or at shrinkage pores in HF, followed by transdendritic crack growth. The 

steels with higher strength, A3N, HK30 and HK-Nb, all showed interdendritic crack paths 

with cracks growing in the carbide regions. The steels with increased carbide content, A3N 

and HK-Nb, showed cracking in the carbide regions. Similar results have been reported by 

Voicu 80 , who tested the high-temperature mechanical properties of a HP-40 alloy 

(33Ni26Cr) containing 1wt% Nb between 950 and 1000°C and observed cracks at 

carbide/dendrite interfaces, which were suggested to be responsible for the fracture of the 

samples.  
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Fig. 36. a) Yield strength as a function of temperature and S-N curves after LCF testing at b) room 

temperature, c) 700C and d) 900C. The same symbols are used in all figures.    

6.2.5.3 Elastic and plastic strain response during fatigue 

Differences in strength and fatigue life can be further examined by comparing the elastic 

and plastic strain responses during fatigue testing. Fig. 37 presents the strain responses at 

0.25% strain amplitude. A clear difference between the cast irons and steels can be 

observed. For the cast irons, an elastic response dominated from room temperature to 

500°C, while at higher temperatures a transition occurred, rendering predominantly plastic 

strains at 750°C. The cast steels, on the other hand, had a lower amount of elastic response 

in the lower temperature range (T<500°C) compared with the cast irons. However, the 

elastic and plastic responses were more similar to each other, with no clear transitions, 

making the performance more similar over the whole temperature range. One exception 

was HF, which showed a transition to predominantly plastic response at 750°C. On 

increasing the strain amplitude the same behavior was observed, but the elastic/plastic 

transition was displaced to lower temperatures.   

(a) (b) 

(c) (d) 
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Fig. 37. Percentage of elastic and plastic strains during LCF testing at 0.25% strain amplitude for a) 

SiMo51, stress-strain cycles at 20 and 750C inserted, b) Ni-resist D5S, c) HF, d) A3N, e) HK30 

and f) HK-Nb. Blue symbols: elastic strain, red symbols: plastic strain.  

6.3 Influence of diesel exhaust gas on fatigue life  

Previous studies of corrosion fatigue at high temperatures have mostly been conducted for 

Ni- or Co-based alloys intended for use in aerospace and nuclear applications. In these 

studies, experiments have been conducted in e.g. oxygen-containing atmospheres81,82,83, 

sulfidizing environments84,85, carburizing environments63, jet engine fuel exhausts86 and 

other corrosive gases66. The results all show increased crack growth rate and reduced 

fatigue life compared with testing in inert environments.  

 

(e) HK30 

(a) SiMo51 (b) Ni-resist D5S 

(c) HF (d) A3N 

(f) HK-Nb 
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In this thesis, SiMo51 was tested in air and diesel exhaust gas at 700°C and compared with 

testing in an inert atmosphere (argon+1% H2). In order to perform these kinds of tests, a 

new test rig was built to allow for control of the atmosphere around the test specimen 

during fatigue testing. The set-up and test conditions are described in section 4 and section 

5.4, respectively.  

6.3.1 LCF life in Ar+1%H2, air and diesel exhaust gas at 700°C 

One of the most important findings in this thesis was a clear difference in fatigue life 

between the three test environments. As shown in Fig. 38a, the fatigue life was lower in the 

corrosive environments, i.e. in air and in diesel exhaust gas, than in the inert argon 

environment. In the exhaust gas, the fatigue life was approximately 30-50% lower than in 

air and approximately 60-75% lower than in the inert environment. Moreover, in air the 

fatigue life was approximately 15-65% lower than in argon, with the highest reduction 

observed at the lowest strain amplitudes, where the interaction between the environment 

and the cracks is highest, see Fig. 38b. The tests were stopped at 30,000 cycles and 

specimens reaching this limit were indicated as run-outs. At 0.2% strain amplitude, the 

specimens tested in diesel exhaust gas and air displayed fractures, whereas in inert 

atmosphere the specimens reached 30,000 cycles without fracturing.  

 

 

Fig. 38. LCF data for SiMo51 at 700C in Ar+1%H2, air and diesel exhaust gas showing a) -Nf-

plot and b) reduction in fatigue life.  

6.3.2 Crack growth mechanisms 

Another important finding in this thesis is the different crack mechanisms occurring in the 

material as a result of interaction with the surrounding atmosphere during crack growth. 

Based on topographical examination of the fracture surface and cross-sectional 

examination of secondary cracks, two crack growth mechanisms were distinguished. The 

first, showing low or no influence of oxidation, was characterized as nodule-to-nodule 

crack growth. It was observed in inert environments and during fast crack growth, where 

there is little time for oxidation reactions. This type of crack growth is illustrated in Fig. 
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39a after testing in Ar+1%H2 and in Fig. 39b after testing in air. The second mechanism 

showed a strong influence of oxidation and was characterized by oxidation in front of the 

crack tip, followed by crack growth. Examples of such cracks are shown in Fig. 40 after 

testing in air and in Fig. 41 after testing in diesel exhaust gas. In Fig. 41b, a crack 

extending through the oxide scale can be seen, suggesting that the material in front of the 

crack tip is oxidized, followed by crack growth through the oxide scale.  

 

  

Fig. 39. SEM images of SiMo51 showing a nodule-to-nodule crack growth after testing at 700C 

(amp 0.25%) in a) Ar+1%H2 and b) air.  

 

Fig. 40. SEM images of SiMo51 showing an oxidized crack after testing at 700C (amp 0.25%) in 

air.  

(a) (b) 
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Fig. 41. SEM images of SiMo51 showing oxidized cracks after testing at 700C in diesel exhaust 

gas with strain amplitudes of a) 0.2% and b) 0.3%.  

6.4 Application of thermal barrier coatings   

A method for applying a ceramic coating on the outer surface of exhaust manifolds to 

improve the thermal efficiency is now available. For this purpose, thermal spraying, for 

example plasma spraying, is used. The aim of applying a ceramic coating to exhaust 

manifold components is to reduce the material temperature in the manifolds and thereby 

reduce the effect from oxidation and improve the fatigue resistance. As an external coating 

would result in an increased substrate temperature, an internal coating is instead desired. 

Due to the complex shape of the manifolds, plasma spraying cannot be applied. This thesis 

presents a new coating, a sol-gel composite, applied using a slurry method where the 

component is dipped into a slurry or sprayed and then heat-treated (as described in section 

5.1.2). As a first step, this method was applied on test specimens. Since the operating 

conditions for exhaust manifolds are different to those for turbine blades, coatings 

recommended for use in turbines may not necessarily be the ultimate choice for exhaust 

manifolds. For this reason, plasma-sprayed coatings (described in section 5.1.2) were also 

studied in this thesis to find the optimum coating for this specific application. The 

evaluation comprised investigating crack behaviors after thermal cycling in air and diesel 

exhaust gases, corrosion resistance, structural changes and thermal conductivity. Moreover, 

(a) 

(b) 
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to understand the requirements of a TBC in this application, the substrate temperature was 

calculated as function of thermal conductivity and thickness of the coating. Based on 

earlier studies87,88, it appears desirable to reduce the material temperature by 50°C to 

improve oxidation and fatigue resistance sufficiently to meet industrial requirements. As a 

final step, the fatigue life of a whole component, internally coated with TBC, was 

estimated using finite element modeling.  

6.4.1 Microstructures and structural changes after thermal cycling 

Two different types of coatings were tested, plasma-sprayed (mullite, forsterite, La2Zr2O7, 

8YSZ and a nanostructured 8YSZ) and sol-gel composite (one slurry sprayed and one 

slurry dipped). These were applied together with a bond coat onto SiMo51 test specimens. 

A description of the coatings can be found in Table 6. A comparison of porosity, hardness 

and crack structure was made for as-coated and thermally cycled samples. The porosity 

data are presented in Fig. 42a. Moreover, the thermal conductivity values were determined 

and are presented in Table 10. The results for the sol-gel composites and the plasma-

sprayed coatings are presented separately.  

         

Fig. 42. a) Porosity for as-coated samples and samples thermally cycled in air for 1000 h and diesel 

exhaust gas for 2000 h (only plasma-sprayed TBCs are presented) and b) cracks formed between the 

pores in La2Zr2O7.  

 

Fig. 43. Vickers hardness (Hv) for as-coated samples and samples thermally cycled in air for 1000 h 

and diesel exhaust gas for 2000 h. 

 

(a) (b) 
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Table 10. Coefficient of thermal expansion ()19,89, density (), density of a fully dense material 

(0)90,91,92,93, specific heat (Cp) and thermal conductivity ()21,89.  

 
Mullite Forsterite 8YSZ 

Nano-

8YSZ 
La2Zr2O7 

Sol-gel 

composite 

(sprayed) 

, K-110-6  5.3 9.5 10.7 11.0 9.1 … 

ρ0, g/cm3 3.16 3.27 6.10  6.10 6.05  

ρ, g/cm3 2.68 2.59 5.12 4.62 5.01 3.90a 

Cp, J/g K 0.76 0.84 0.46 0.46 0.39 0.66a 

λ, W/m Kb 2.7  0.3 … 0.7  0.05 1.3  0.05 0.8  0.06 8.2a 

λ, W/m Kc  3.3 5.0 1.2 1.1 1.6  … 
a Data given by Datec Coating Corporation  
b Measured at room temperature. 
c Literature data at room temperature   

6.4.1.1 Sol-gel composite 

The sol-gel composite was applied using two methods, dipping and spraying. The 

microstructure is shown in Fig. 44 for the sprayed version and consists of two different 

zirconia-particles dispersed in a silica matrix. The large particles are calcium-stabilized 

zirconia (CaSZ), containing also up to 3% Hf, and the small particles are yttria-stabilized 

zirconia, containing a small amount of Hf. During the firing process, Si-O bonds are 

formed, linking the phases in the coating to each other and to the bond coat. As a result of 

the heat treatment, transverse cracks were observed in the coatings.  

 

The porosity of these coatings was very low, giving a high value for the thermal 

conductivity, 8.2W/m K. Thermal cycling in air for 1000 h resulted in a small increase in 

porosity (Fig. 45), to a value close to 1% for the sprayed version. The porosity of the 

dipped coating did not show any significant change. The lower porosity of the dipped 

version can also be seen from the hardness measurements, with higher values than for the 

sprayed version. As shown in  

Fig. 43, there was a small difference in hardness between as-coated and thermally cycled 

samples, also indicating small microstructural changes in the coatings. However, the 

number of transverse cracks in the coatings was observed to increase after thermal cycling, 

giving a change in the macrostructure, although no spallation occurred.  
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Fig. 44. SEM images of the sol-gel composite (sprayed) showing a) microstructure of the coating 

system, b) microstructure of the sol-gel composite.  

  

Fig. 45. SEM images of sol-gel composite (sprayed) after thermal cycling in air for 1000 h showing 

a) coating structure and b) a in higher magnification.  

6.4.1.2 Plasma-sprayed coatings 

The plasma-sprayed coatings are generally composed of splats, microcracks and large 

pores. This type of microstructure can be seen for La2Zr2O7, 8YSZ and nano-8YSZ and is 

illustrated for La2Zr2O7 in Fig. 46a. The nanostructured variant of 8YSZ (Fig. 46b) shows 

its nanostructures in localized zones, distributed in a matrix of conventional 8YSZ, 

displaying a finer microstructure than in the surroundings. Mullite and forsterite have a 

slightly different microstructure compared with the zirconia coatings. In these coatings, 

microcracks seem absent but they contain small, spheroidal pores. Fig. 46c shows an 

example for mullite.  

(a) (b) 

Mould 

(a) (b) 
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Fig. 46. SEM images showing the as-coated microstructure of a) La2Zr2O7, b) nano-8YSZ and c) 

mullite.  

As seen in Fig. 42a, the porosity changed after thermal cycling in diesel exhaust gases. 

Forsterite and nano-8YSZ, both containing zones of microporosity, showed decreased 

porosity, which could have been caused by sintering during the rapid cooling step in the 

engine test. The reduction in porosity was not seen during thermal cycling in air, where the 

temperature cycling was much slower. 8YSZ and La2Zr2O7 showed increased porosity, 

which was linked to an increase in crack density as large cracks were formed between the 

pores in the coating. An example of such cracks is shown in Fig. 42b for La2Zr2O7. 

 

The most beneficial insulation properties were observed for the zirconia coatings: 8YSZ, 

La2Zr2O7 and nano-8YSZ showed thermal conductivity values of 0.7, 0.8 and 1.3 W/m K, 

respectively. Mullite showed a higher thermal conductivity, 2.7 W/m K. Data for forsterite 

are not presented due to uncertainties in the measurements, but based on literature data its 

thermal conductivity is probably higher than that of mullite. As the porosity of 8YSZ and 

La2Zr2O7 increased after thermal cycling in diesel exhaust gas, the thermal conductivity is 

likely to decrease. The opposite effect was seen for forsterite and nano-8YSZ. 

 

From cross-sectional examination of the coatings, important results regarding spallation 

resistance were obtained. Mullite, having the lowest coefficient of thermal expansion, CTE 

5.310-6/K, showed cracks along the TBC/bond coat interface after thermal cycling. This 

resulted in some spallation after thermal cycling in air and complete spallation after 

thermal cycling in diesel exhaust gas. Forsterite, which also had one of the lower CTE 

values, 9.510-6/K, showed cracks along the TBC/bond coat interface in both tests but no 

spallation. La2Zr2O7 showed only minor spallation at the surface caused by surface cracks 

after thermal cycling in air. 8YSZ also showed some surface cracks but no spallation. For 

nano-8YSZ, no significant change in the crack structure could be observed. Considering 

the appearance of the crack structure, nano-8YSZ and 8YSZ appear to have the best 

resistance to spallation.  

(a) (b) (c) 
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6.4.2 Oxidation aspects 

Oxidation was found to occur after thermal cycling. Generally, one issue with TBCs is 

oxidation at the bond coat/TBC interface. Formation of a thin protective Al2O3 layer is 

desirable, but excessive oxidation may result in spallation of the TBC layer. This was not a 

problem in this thesis, as oxidation was instead observed at the bond coat/substrate 

interface. Oxidation was seen for the plasma-sprayed samples after thermal cycling in air 

and in diesel exhaust gas. In air, according to EDX and WDS data a continuous oxide scale 

consisting of Fe-oxide, (Fe-Si)-oxide and Si-oxide was formed, see Fig. 47a-b. In the diesel 

exhaust gas, all specimens showed a 50 μm thick zone containing only (Fe, Si)-oxide, see 

Fig. 47c-d. No distinct Fe-oxide could be detected. This indicates a lower oxygen partial 

pressure in these areas than found during exposure in air. 

 

Regarding oxidation resistance, the selection of bond coat was found to be important. The 

bond coat used for the sol-gel composite, NiCoCrAlTaY, formed a protective Al2O3 layer 

at the TBC/bond coat interface and no significant oxidation was observed at the bond 

coat/substrate interface. For the plasma-sprayed samples, NiCrAlY was used as the bond 

coat and for this no clear Al2O3 layer at the bond coat/TBC interface was seen. The 

oxidation at the bond coat/substrate interface and lack of protective Al2O3 indicate lower 

oxidation protection with these systems compared with the systems used for the sol-gel 

composite.  

  
 

  
 

Fig. 47. SEM images showing a) oxidation at the bond coat/substrate interface after exposure to air, 

b) image (a) at higher magnification, c) oxidation at the bond coat/substrate interface after exposure 

to diesel exhaust gas and d) formation of an Al2O3 layer at the NiCoCrAlTaY bond coat/TBC 

interface.  

(a) (b) 

(c) (d) 
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6.4.3 Thermal modeling 

The beneficial effect of coating the inside of exhaust manifolds with a thermal barrier was 

estimated using thermal modeling. To define the requirements of the TBC, the stationary 

and transient temperatures in the system were calculated using equations described in 

Paper VI. The system is schematically illustrated in Fig. 48a.  

6.4.3.1 Stationary temperatures 

The temperature distribution in a pipe with and without a TBC is shown in Fig. 48b. In this 

example, where h = 0.4 mm and  = 1 W/m K, the temperature at the TBC/pipe interface 

was calculated to be 712.4C. It can be seen that the thermal barrier only reduced the cast 

iron temperature by 12C. By changing the input parameters, such as coating thickness and 

thermal conductivity of the TBC, the temperature reduction can be increased. On plotting 

temperature reduction as function of thermal conductivity, see Fig. 48c, it was concluded 

that a thermal conductivity close to 0.1 W/m K is necessary in order to reduce the 

temperature at the TBC/substrate interface, i.e. T(a+h), by approximately 50˚C. The 

plasma-sprayed coatings studied in this thesis had thermal conductivity values between 0.7 

and 5 W/m K, giving a reduction in T(a+h) of 0-8˚C if the coating is 0.2 mm thick. If the 

coating thickness is increased, the effect of the thermal barrier can be improved. In Fig. 

48d, T(a+h) is presented as function of thermal barrier thickness for three different thermal 

conductivity values: 0.1, 1.5 and 3.0 W/m K. For the lowest conductivity, 0.1 W/m K, the 

reduction reached very high levels. However, 1.5 and 3.0 W/m K are more realistic thermal 

conductivity values. For the former, a coating thickness of 3 mm is required to generate a 

50C reduction in substrate temperature. For the latter, a 6 mm thick coating gives the 

same temperature reduction.  
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Fig. 48. a) Schematic illustration of an internally coated exhaust manifold, b) temperature 

distribution in a pipe with and without a TBC, c) T(a), T(a+h) and T(c) as a function of thermal 

conductivity (h = 0.2 mm) and d) T(a+h) as function of coating thickness (TBC = 0.1, 1.5 and 3.0 

W/m K).  

6.4.3.2 Transient temperatures 

To exemplify the case with transient temperatures, a finite-element (FE) calculation was 

made for the same case as when the stationary temperature was calculated (h = 0.4 mm, 

TBC = 1 W/m K). In the FE case, it was also necessary to use density and heat capacity for 

the two materials. For the TBC, the values were set to 2680 kg/m3 and 760 J/kg K while for 

the cast iron, the values were set to 7000 kg/m3 and 600 J/kg K, based on results from 

paper IV and VI. Fig. 49 shows the cast iron temperature beneath the thermal barrier layer 

during heating. It can be seen that after about 30 s, the temperature was approximately 

90˚C lower than when no barrier was present. The conclusion was that if the thermal 

cycling is very fast, the benefit from the barrier can be larger than if the cycling is slow.  

(a) (b) 

(c) (d) 
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Fig. 49. Temperature on the inside of the pipe during heating. 

6.4.3.3 Effect on fatigue life of a turbo manifold 

To examine the effect of a TBC on the fatigue life, an FE calculation was made on a turbo 

manifold made of SiMo51, with and without a TBC. The material data used for the TBC 

were as presented in section 6.4.3.2. The method is described in Paper VI.  

 

The thermal cycle applied in the calculation consisted of relatively fast cycling with 

heating for 240 s with gas temperature 760˚C and heat transfer coefficient 900 W/m2 K 

(full load, 1800 rpm). This was followed by cooling for 170 s with gas temperature 134˚C 

and heat transfer coefficient 137 W/m2 K (idling, 1000 rpm). On the outside, the conditions 

were assumed to be constant, air temperature 50˚C and heat transfer coefficient 40 W/m2 

K. Thermal radiation from the outside was also considered and the emissivity estimated to 

0.694. After heating for 240 s, the maximum temperature of the base metal was 717˚C when 

a TBC was applied, which is 16˚C lower than the 733˚C computed without a TBC. The 

maximum temperature range, i.e. the temperature difference between cold and hot, during 

full cycling was 455˚C with a TBC and 483˚C without a TBC. The effect of the 

temperature reduction on the fatigue life is shown in Fig. 50, with the life in the order of 2- 

to 5-fold longer in many positions when a TBC was present. However, it was not possible 

to compute a general improvement factor for the fatigue life. It must be noted that in some 

positions, on the outside of the component, the life was shorter, which appeared to be 

caused by higher mean stress. The main conclusion was that a TBC, in most positions, has 

a positive influence on the fatigue life. 
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Fig. 50. Median fatigue life to crack initiation of a turbo manifold with and without a thermal barrier 

coating (TBC). The same color scale is used in all figures. 
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8 DISCUSSION 

8.1 High-temperature oxidation resistance in diesel exhaust gases 

One of the main findings in this thesis was the correlation between the appearance of oxide 

scales on the alloys tested and how this affected their oxidation behaviors. The formation 

of a compact and protective barrier layer at the oxide/metal interface is essential for the 

oxidation resistance of these alloys. One research goal was to improve the high-

temperature oxidation resistance of SiMo51. The results confirmed successful 

improvement of SiMo51 by Cr addition after oxidation testing in air, which was linked to 

improvement of the barrier layer. However, an improvement under real operating 

conditions in diesel exhaust gas could not be confirmed. In this environment, it was 

observed that Cr-oxide formation was absent for SiMo51 alloyed with 1 wt% Cr. Another 

question examined was whether the candidate materials showed sufficient oxidation 

properties above 800C. Based on oxidation testing in air and in O2/H2O gas mixture, the 

ferritic steel 1.4509 (Fe-20Cr) and the austenitic steel HK30 (Fe-25Cr-20Ni) showed 

protective behavior at 900C and were considered to have sufficient oxidation behavior up 

to this temperature. However, as for SiMo51, these alloys showed reduced oxidation 

resistance in diesel exhaust gas. Since the temperature of the exhaust gas was lower than 

the gas temperature for which the cast steels are intended, it is difficult to draw any 

conclusions about oxidation resistance under real operating conditions. However, during 

the experiments in the test engine, 1.4509 formed a thin adherent oxide scale, indicating 

superior oxidation resistance for this alloy under the test conditions.    

 

The most important observation after oxidation testing in diesel exhaust gases was the 

suppressed SiO2 formation. This was seen for both SiMo alloys, Ni-resist and the cast 

steels. Compared with the oxidation testing conducted in air in this thesis, the real 

operating conditions in a diesel engine include high gas flows (approximately 100 m/s), 

higher water vapor levels, aggressive oxidants (e.g. SOx) and thermal cycling. All of these 

parameters may contribute to suppressed oxide barrier layer formation. However, from the 

tests conducted here it is difficult to state which parameter contributes most to the reduced 

oxidation resistance found in diesel exhaust gas. Possible explanations are therefore 

discussed below based on results reported in the literature.  

8.1.1 Effect of water vapor 

One explanation for the absence of Cr-oxide in the oxide scales formed on SiMo51 is 

provided in a study by Asteman42,44, 95 , where a mechanism of water vapor-assisted 
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evaporation of Cr is proposed. This involves Cr evaporation due to formation of volatile 

Cr-hydroxide, probably in the form of CrO2(OH)2, leaving a poorly protective Fe-rich 

oxide scale. Asteman observed Cr evaporation in O2/H2O mixtures already at 600˚C in gas 

flow rates of 5 to 10 cm/s. An increase in evaporation rate with increasing gas flow rate 

was detected, implying that the gas flow found in the exhaust manifolds of an engine may 

promote Cr evaporation even further. The studies by Asteman show that breakaway 

oxidation can be reduced or shifted towards higher water vapor contents by increasing the 

Cr content. However, in SiMo51, the Cr content must be limited due to its embrittling 

effect from Cr-carbide formation.  

 

The detrimental effect of water vapor is supported by the results from the oxidation tests on 

cast iron, Ni-resist D5S and cast steels in this thesis. In these tests, increased formation of 

poorly protective Fe-oxide was also observed for all alloys in the H2O/O2 gas mixture 

compared with air exposure. The alloys experiencing the largest Fe-oxide formation, the 

20Cr10Ni cast steels (HF and A3N), suffered catastrophic oxidation and severe spallation, 

clearly indicating reduced oxidation resistance in the presence of water vapor. The better 

performance of the 25Cr20Ni austenitic steels (HK30 and HK-Nb) points at the positive 

effect in increasing the Cr content for these types of alloys. The ferritic cast steel also 

formed a protective oxide scale in this environment despite a much lower Cr content 

(18wt%). One explanation for this may be that the ferritic steel has a very low C content, 

resulting in Cr being present in the ferrite, rather than bound in carbides as in the austenitic 

steels. 

 

The effect of water vapor on the high-temperature oxidation resistance of chromia- and 

silica-forming alloys has been studied by others39,40,96 who also linked it to formation of 

porous and poorly protective oxide scales. Different mechanisms than proposed by 

Asteman are discussed. Jianian et al.97 propose a mechanism of breakdown of chromia 

where H2O molecules penetrate the scale through channels and react with the metal 

surface, where Cr is depleted, forming Fe2O3 and H2, with the latter breaking down Cr2O3 

to Cr and H2O. 

 

The suppressed SiO2 layers in the present thesis show similarities to results reported by 

Rahmel and Tobolski46, where dissolution of an SiO2 barrier-layer during oxidation in H2O 

and CO2 gas mixture was observed. This resulted in a scale with SiO2 particles being 
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embedded in a FeO matrix and was explained by oxygen transport across the scale from 

the H2/H2O and CO/CO2 redox reactions.  

8.1.2 Effect of temperature and thermal cycling  

The test in diesel exhaust gas was conducted under thermal cycling conditions, with the 

temperature shifting from low to high temperature. As the diffusion of Si is lower at lower 

temperatures, this may have had an effect on SiO2 formation. However, the isothermal 

oxidation testing of SiMo alloys for 50 h in diesel exhaust gases at 700°C and 740°C still 

showed suppressed SiO2 formation. Similar effects were observed by Tholence37 during 

isothermal oxidation of SiMo51 for 50 h in diesel exhaust gases at 650°C and 750°C. A 

longer oxidation time may be needed to form a barrier layer. Tholence discovered a distinct 

SiO2 layer at 850°C, indicating a positive effect in increasing the maximum temperature. A 

similar effect was seen in the present thesis during the oxidation testing of SiMo alloys in 

air at 700 and 800°C, with a slightly lower weight gain at the higher test temperature for 

SiMo51. Choe et al73 also discovered this during oxidation of a Cr-amended SiMo alloy, 

where a decrease in weight with increasing test temperatures was observed and attributed 

to enhanced formation of a Cr-oxide layer at higher temperatures. Increasing the 

temperature to improve the oxidation resistance of SiMo51 is not a good approach, 

however, as the alloy is limited by the ferrite-to-austenite transformation occurring around 

850°C. Moreover, it results in increased softening above 500°C and consequently reduced 

mechanical properties with increasing temperature. On the other hand, increased 

temperature may indeed favour Si- and Cr-oxide formation in the cast steels, HK30, HK-

Nb and 1.4509, and the cast iron Ni-resist D5S. These alloys showed better performance in 

the H2O/O2 gas mixture at 900°C than during thermal cycling in diesel exhaust gas at a 

maximum temperature of 750°C. In work not presented in this thesis, the oxidation 

resistance of Ni-resist in air was clearly promoted by increasing the temperature. The alloy 

formed a more protective scale with a distinct Cr-oxide when the alloy was pre-oxidized in 

air at 900°C prior to oxidation testing in air at 700°C. This also resulted in improved 

adherence of the oxide scale. The possibility of increased oxidation resistance at higher 

temperatures for these alloys means that the results from the diesel engine tests cannot be 

used to predict how they would behave in future applications where the exhaust gas 

temperature is higher. For example, HK30 showed some spallation in the diesel engine 

test, but this might not be the case if the gas temperature is increased to 800 or 900°C.  
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8.2 Mechanical aspects of Cr and Ni addition to SiMo51 

Based on information from a cast iron foundry98, addition of 1wt% Ni to SiMo51 permits 

its use in exhaust manifolds with a gas temperature of 835°C. SiMo51 is itself 

recommended for use in exhaust gas temperatures up to 820°C. Hence, according to this 

information, addition of Ni increases the useful temperature range by 15°C. It is important 

to bear in mind that the stresses experienced by the components during operation of the 

engine differ depending on the design of the component. For example, if thin sections are 

connected to thicker sections, the thinner parts will experience high stress during thermal 

cycling. This is the case for a double-channel turbo manifold. Hence, the recommended 

maximum temperatures may not be valid for all components. From experiences in running 

engine tests, the upper temperature limit for SiMo51 in components used in this thesis was 

estimated to be approximately 750°C. Based on the results obtained here, it is difficult to 

claim that an improvement of the high-temperature mechanical properties was achieved by 

adding 0.5-1 wt% Cr or 1 wt% Ni to SiMo51, which was one of the research questions in 

this thesis. A reduction in elongation was observed and at the same time improvements in 

yield strength and fatigue properties were seen.   

 

On adding Cr, a significant reduction in elongation was observed, especially in the case of 

high Cr content (0.6-1 wt%). The elongation of these alloys could perhaps be improved by 

heat treatment to remove pearlite from the microstructure but this issue was not examined 

in this thesis. Despite the reduction in elongation, the alloy containing 0.5 wt% Cr did not 

show any reduction in LCF life compared with SiMo51 at any test temperature. In fact, a 

small improvement at room temperature was observed. However, based on the value given 

by an internal standard (7%), the elongation values measured for the Cr-added alloys are 

too low. Addition of Ni alone, on the other hand, fulfils the elongation requirement. Based 

on Thermo-Calc calculations, one negative aspect is the reduction of the A1 temperature by 

30°C, which limits the operating temperature by the same amount. Testing of the fatigue 

properties of the Ni-amended alloy revealed that the fatigue life was increased at room 

temperature and at 250°C and showed similar results as SiMo51 at 500 and 700°C. The 

low influence of Ni at high temperatures can be an effect of softening of the ferritic matrix, 

making the solid solution-strengthening effect from Ni less effective.  

8.3 Mechanical aspects of candidate materials 

In developing materials with improved high-temperature fatigue resistance, many aspects 

need to be taken into consideration. The fatigue life depends on the microstructure of a 

material, which is a result of e.g. alloy additions, casting temperature, cooling rate and heat 
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treatment. Upon fatigue loading of a component, the material adjusts to the accumulated 

strain in different ways depending on its microstructure. For example, carbides strengthen 

cast irons and steels, as they are more difficult to deform than ferrite or austenite and 

provide particle hardening. However, dislocations tend to pile up at carbide/matrix 

interfaces, resulting in crack initiation during deformation99. In addition, carbides have low 

ductility and create a large difference in thermal expansion compared with the matrix100. 

Moreover, defects in the material, such as pores or inclusions, affect the fatigue life. Crack 

initiation is strongly influenced by the shape and size of the defect and the relative strength 

of the matrix and by the defects and strength of the matrix/inclusion interface 101,102. The 

candidate materials studied here belong to three different groups of alloys, austenitic cast 

irons, austenitic cast steels and ferritic cast steels, all showing different microstructures and 

different fatigue behaviors. The aim of mechanical and fatigue testing of these alloys was 

to determine whether they are sufficient for use at temperatures between 800 and 900°C.  

8.3.1 Ductile cast irons 

Mechanical and fatigue testing of the ductile irons and cast steels included in this thesis 

showed large differences between the two types. SiMo51 showed superior strength and 

fatigue life at low temperatures (T<500°C), but rapidly lost its strength at higher 

temperatures due to softening and a high amount of plastic deformation. The austenitic cast 

iron, Ni-resist D5S, also showed clear softening, with the strain response being 

predominantly plastic. Despite this softening, Ni-resist showed slightly higher fatigue life 

than HK30 at 800°C but a significant reduction at 900°C, making the austenitic cast steels 

superior. This indicates that the higher strength of the austenitic matrix in Ni-resist helps to 

maintain a high fatigue life at 800°C, although it is not sufficient at 900°C. 

 

One explanation for this difference in the fatigue behavior is that the cast ductile irons 

contain graphite nodules. Graphite nodules are generally considered to be defects and 

therefore affect the fatigue behavior by functioning as crack initiation sites. It has been 

shown that plastic deformation readily occurs at graphite/matrix interfaces103,104 and is 

influenced by the graphite morphology, where nodule-shaped graphite is more beneficial 

for high fatigue life than lamella-shaped graphite105,106. It is reasonable to believe that at 

lower temperatures, the plastic deformation occurring in the ductile irons is low and the 

graphite nodules contribute improved ductility rather than initiating cracks, enhancing the 

fatigue life. At higher temperatures, plastic deformation increases, making the 

graphite/matrix interface sensitive to crack initiation. Another important aspect is the 
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increased sensitivity to oxidation for cast irons. This could have a large effect on crack 

initiation and growth. This aspect is more thoroughly discussed in section 8.4.        

8.3.2 Austenitic cast steels 

The results presented in this thesis show that there is a positive effect from alloying the 

austenitic cast steels with Nb, W and Co, as the yield strength and low cycle fatigue life are 

improved at high temperatures. However, it was also observed that cracks formed in the 

carbide regions. In the three cast steel alloys containing the highest carbide contents (A3N, 

HK30 and HK-Nb), the fractures were observed to be interdendritic, with crack paths 

following the carbide regions. This suggests that the carbides are the preferred crack 

initiation sites in these alloys. However, comparing HF and HK30 with their modifications, 

A3N and HK-Nb, respectively, the increased carbide content did not seem to reduce the 

performance. Comparing the results to SiMo51, it can be concluded that all austenitic cast 

steels show higher yield strength at 800 and 900°C. Moreover, the fatigue life of HF and 

HK30 is higher compared with SiMo51 at 700°C. HF showed an increased plastic strain 

response at 800 and 900°C and a lower fatigue life compared with the other steels at the 

same temperatures. Taking cracking in the carbide regions in A3N and HK-Nb into 

account, HK30 can be regarded as the superior alloy regarding fatigue resistance at 800 

and 900°C.  

8.3.3 Ferritic cast steels 

As already mentioned, ferritic steels are of high interest in exhaust manifolds due to their 

low cost and good oxidation resistance, deriving from their low Ni content and high Cr 

content, respectively. They also show high thermal conductivity and low thermal 

expansion, which is beneficial for providing good thermal cycle fatigue resistance of 

components. However, in this thesis it was found that the 1.4509-type alloy showed poor 

mechanical properties, linked to large grain sizes and casting pores. Hence, the casting 

process needs to be optimized in order to produce a material with properties suitable for the 

application. Because of the low C content and high Cr content, the ferritic cast steel 1.4509 

solidifies directly to ferrite from the melt and shows no phase transformations in the solid 

state. Normally, this type of material is plastically deformed by rolling into sheet metal, 

reducing the grain size by recrystallization. When used as cast steel, this reduction is not 

possible, leaving a material with poor mechanical properties. This problem could be 

overcome by chemical modification or efficient heterogeneous seeding during casting. As 

already mentioned, the castability can be improved, as for the Starcast DCR3 alloy. Hence, 
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if the chemical composition is optimized, ferritic cast steels can be a good choice for 

exhaust manifolds.   

8.3.4 Aspects of thermal cycling conditions      

In an exhaust manifold, the stress environment will differ from that used in the tests 

performed here, since the component is exposed to thermal cycling. The reason for 

selecting low-cycle fatigue testing was in order to implement the results directly into 

existing design models. In these models, a method called Chaboche is used for modeling 

the fatigue life during thermal cycling, using LCF data as input parameters. As already 

discussed, it is favorable for the material to have high thermal conductivity and low 

coefficient of thermal expansion in order to adapt well to thermal cycling conditions. In 

this sense, SiMo51 is the superior alloy. The cast steels and Ni-resist showed lower 

strength compared with SiMo51 at temperatures below 500°C. Moreover, the cast steels 

showed a significant reduction in elongation compared with the ductile cast irons. These 

properties could make the candidate materials less beneficial when the engine operates at 

low temperatures. However, data from thermo-mechanical fatigue test results, not 

presented in this thesis, showed that the austenitic alloys performed well despite the less 

favorable physical properties and lower strength at low temperatures. The tests were 

conducted between 110 and 575°C, i.e. the temperature range where SiMo51 proved to be 

the superior alloy as regards strength and fatigue resistance, and showed that both Ni-resist 

and HK30 have improved life over SiMo51, with HK30 being the superior alloy. Hence, 

the less beneficial physical properties and the lower strength at temperatures below 500°C 

observed for the austenitic cast steels and Ni-resist do not seem to introduce any reducing 

effects regarding thermal cycling resistance in comparison to SiMo51.  

8.4 Corrosion fatigue aspects 

As already mentioned, most discussions regarding high-temperature corrosion fatigue 

found in the literature concern Ni- or Co-based alloys. As the results are influenced by the 

chemical composition of the alloys, the behavior of SiMo51 can be expected to be different 

to that reported for Ni- and Co-based alloys. However, since studies on high-temperature 

fatigue of ductile cast irons are few, the results from testing of super alloys must be used as 

a starting point for discussion of the high-temperature corrosion fatigue behavior of 

SiMo51. The aim of performing these tests was to examine the environmental effects on 

the fatigue life. Since the literature reports a reduction in fatigue life in corrosive 

environments compared with inert environments, one research question in this thesis was 

to examine how corrosive diesel exhaust gas affects the LCF life. This was done to 
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understand the influence of real service conditions on the component life and thereby 

improve strength calculations, as these are currently based on material data collected in air. 

Another objective was to obtain knowledge of the corrosion fatigue process that could help 

in development of exhaust manifolds for increased component life. Both of these questions 

are discussed below.  

8.4.1 Environmental influence on fatigue life     

From fatigue testing of SiMo51 in inert gas, air and diesel exhaust gas at 700°C, it became 

clear that the fatigue life was reduced as the corrosiveness of the gas increased. As shown 

in Fig. 38a, the fatigue life in the exhaust gas was approximately 30-50% lower than in air 

and approximately 60-75% lower than in an inert argon environment. However, as 

mentioned in section 3.4.2, test parameters such as frequency and load ratio can influence 

the results. For this reason, it is important to know the test conditions that apply for a real 

component in order to test it in the correct conditions. Unfortunately, this information is 

not available today.    

8.4.2 Corrosion fatigue process 

8.4.2.1 Crack initiation and growth 

Based on the literature, an important parameter for discussing corrosion fatigue properties 

is the susceptibility of the matrix and precipitates to oxidation. In SiMo51 these 

precipitates are carbides and graphite nodules. In oxidation studies, the matrix, graphite 

nodules and carbides were found to oxidize rapidly in the presence of exhaust gases in the 

engine test. The oxidation of graphite nodules was seen to result in formation of oxide pits. 

It is reasonable to believe that these pits function as crack initiation sites. For Ni-based 

alloys, oxide pits formed in carbide regions have shown a strong coupling to crack 

initiation83. In the literature, one difference between the crack growth in Ni-based alloys 

and in ductile irons is reported. Kim et al107 examined the oxidation and fatigue behavior at 

600 and 800°C of two SiMo-alloys with different combinations of Si and Mo (Fe-3.4C-

3.7Si-0.4Mo and Fe-3.1C-4.5Si-1.0Mo) and found that fracture started intergranularly at 

graphite/matrix interfaces and propagated transgranularly. The transition to transgranular 

crack propagation is different from the behavior observed here for Ni- and Co-based 

alloys, where the crack paths were observed to be intergranular during the whole fracture 

in corrosive environments. Compared with these alloys, ferritic ductile irons have a softer 

matrix at high temperatures. In this thesis, a high amount of plastic deformation was 

observed for SiMo51 at high temperatures. This softening could be an explanation why the 

cracks followed transgranular crack paths instead of intergranular in corrosive 



DISCUSSION 

     71 

environments. Due to major oxidation of the cracks, it was difficult to determine the crack 

paths in air and in diesel exhaust gas in the present work. In the inert environment, 

however, transgranular crack growth showing a nodule-to-nodule appearance was 

observed. As mentioned earlier, the amount of plastic deformation is especially high at the 

graphite/matrix interface, making these regions favorable to crack growth. Besides graphite 

nodules, SiMo51 also contains M6C carbides. These carbides were also found to oxidize, 

introducing an additional crack initiator. The influence of carbide morphology on crack 

initiation during HCF fatigue has been studied by Tokaji et al.108,109 for an austenitic cast 

iron in air and in 3%NaCl solution at room temperature. In their study, corrosion pit 

formation was strongly related to carbides and it was found that a lamellar carbide 

structure was more beneficial than a spheroidal carbide structure for high fatigue life. 

However, from the experiments performed in the present thesis, no firm conclusion 

regarding carbide morphology can be drawn.  

8.4.2.2 Oxidation processes  

As discussed in section 3.4.1, some super alloys experienced a higher fatigue life in harsh 

environments due to stress-reducing processes occurring at the crack tip, such as blunting 

or branching. This was not observed for SiMo51. Instead, increased corrosiveness of the 

gas was linked to lower fatigue life. In the oxidation testing, it was observed that SiO2 

formation was slower than Fe-oxide formation, see Fig. 25. Moreover, from the cross-

sectional examination of cracks formed in air and in diesel exhaust gas, no distinct SiO2 

layers were observed, see Fig. 40 and Fig. 41 respectively. Instead, an outer layer of Fe-

oxide and an inner layer of (Fe-Si)-oxide were formed at the metal surface. This shows that 

the crack growth process is too fast for the alloy to form an SiO2 barrier layer in the crack 

tip region. The oxidized crack tip may play an important role in the crack growth process. 

As shown in Fig. 41b, a crack is seen in the oxide scale near the crack tip, suggesting that 

the material in front of the crack tip is oxidized, followed by crack growth through the 

oxide scale. It is possible that the oxide forms cracks during opening (tension), allowing 

transport of oxidative species to the crack tip. Moreover, since oxides have a higher 

volume than the metal, is reasonable to believe that the stress state at the crack tip will also 

change during crack closure, i.e. during compression.  

8.4.3 Designing for corrosion fatigue resistance  

Based on the discussion of the corrosion fatigue process observed in SiMo51, different 

approaches for improving the fatigue life in corrosive environments can be suggested for 

testing in future research.  
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Since the corrosion fatigue process was observed to be more rapid when the crack tip was 

severely oxidized, the first approach for improving the corrosion fatigue life of SiMo51 is 

to modify its oxidation resistance in such way that a protective oxide scale is formed very 

rapidly. In this study, no such improvement could be found, as both SiO2 and Cr2O3 

formation were slow. However, even if a barrier layer were to form, it is not certain that it 

would reduce the effect from oxidation. As the oxide scale is likely to crack upon fatigue 

loading, it is possible that the barrier layer can be disrupted, removing the barrier effect. 

However, by reducing the oxidation rate, the amount of oxide formed at the crack tip will 

be lower, lowering the effect of oxidation on the fatigue life.  

 

A different approach for improving the corrosion fatigue life is to protect the surface from 

oxidation and thereby avoid crack initiation. This can be done by coating the surface with a 

thermal barrier coating system, providing oxidation protection through the bond coat and a 

reduction in substrate temperature by the ceramic topcoat, both reducing the oxidation rate. 

This approach is more thoroughly discussed in the next section.    

8.5 Improving the life of exhaust manifolds with a thermal barrier  

The aim of applying a TBC on the inside of an exhaust manifold is to reduce the material 

temperature of the cast iron to improve its fatigue life. This approach brings several 

difficulties. First of all, a method for applying the coating must be developed, which is the 

first research question. Secondly, the coating will be exposed to diesel exhaust gas under 

thermal cycling conditions, putting high demands on the coating system regarding 

oxidation and spallation resistance. If the coating were to delaminate and spall, it could 

severely damage the turbo charger connected to the manifolds and this must therefore be 

avoided. Furthermore, the absence of active cooling of the substrate makes the insulation 

properties very important in order to obtain a temperature-reducing effect. The desired 

temperature reduction in the substrate material has been set to 50°C. Thus, the final 

research questions are to determine the type of coating that is most suitable for this 

application, based on oxidation, spallation and insulation properties, and determine the 

requirements for achieving the desired temperature reduction.   

 

In this thesis, seven different TBCs, namely five plasma sprayed coatings (mullite, 

forsterite, La2Zr2O7, 8YSZ and nano-8YSZ) and two sol-gel composite coatings (one 

sprayed and one dipped), were applied onto a SiMo51 substrate and tested for their thermal 

cycling resistance, thermal conductivity, porosity and hardness. The requirements of the 

TBCs and the expected effect were compared based on thermal modeling.  
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8.5.1 Development of a coating method    

In order to coat the inside of an exhaust manifold, a new coating method must be 

developed. This is due to the complex shape and to the small diameter of the pipes, making 

it difficult to insert the spray equipment. One potential method is to dip the component into 

slurry and then heat-treat it. To obtain the desired thickness, several dipping and firing 

processes are needed. In the present thesis, 100 m thick coatings were manufactured, 

resulting in approximately 10 firing processes. It was observed that the number of cracks 

penetrating the coating increased with the number of firing processes. Hence, on increasing 

the thickness, the risk of coating spallation becomes larger. Another aspect that must be 

taken into consideration is the effect of thickness variations in the coating. When dipping a 

coating of complex geometry, it is difficult to control the thickness across the surface. 

Based on the results in this thesis, the coating manufactured in this way seems promising, 

but the process needs more development in order to produce durable coatings. This work 

can be seen as a first step setting the direction for further improvement and development of 

the method.    

 

A different coating technique that could be used for this application is to paint or spray the 

sand cores used for casting the component. In this method, the TBC is first applied and 

then the bond coat. During the casting process, the coating can then be transferred to the 

component. However for this method too, there are difficulties to overcome. For example, 

the sand core must withstand the heat and erosion from plasma spraying.  

8.5.2 Oxidation and spallation resistance 

For gas turbines, where the temperature is high, spallation is often linked to oxidation of 

the bond coat. In diesel engines, the temperature is lower, reducing the driving force for 

oxidation. From cross-sectional examination of the coatings, no significant oxidation 

between the bond coat and TBC could be observed. Oxidation did occur at the 

substrate/bond coat interface. However, based on the results in this thesis, oxidation can be 

avoided if Ni23Co20Cr8.5Al4Ta0.6Y is used as the bond coat instead of Ni22Cr10Al1Y. 

Hence, oxidation is not considered to be the major reason for failure of TBCs in exhaust 

manifolds.  

 

For this application, it is instead essential to take the coefficient of thermal expansion of 

the substrate, bond coat and TBC into consideration, since a mismatch between these could 

result in large stresses and delamination of the coating. Mullite had the lowest coefficient 

of thermal expansion (5.310-6/K), of the TBC materials investigated and thereby also the 
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largest thermal expansion mismatch to the NiCrAlY bond coat and to the SiMo51 

substrate. This is probably the cause of the cracks seen in the bond coat/TBC interface for 

the 1000 h thermally-cycled mullite specimens and the completely delaminated mullite 

coating in the 2000 h engine test. These findings show that mullite is not suitable for 

exhaust manifold applications. However, considering the results from earlier 

investigations27,28 where mullite showed low thermal strain, low stress relaxation and low 

tendency of surface cracks, it could still be an alternative for other diesel engine 

components with active cooling of the substrate. Cooling of the substrate leads to lower 

thermal expansion and thereby lower mismatch stresses. This is the case for components in 

the combustion chamber. The thermal cycling in the present thesis was aimed at simulating 

the exhaust manifold conditions and for this application mullite shows limitations. 

Forsterite also displayed some limitations, as it developed cracks along the bond coat/TBC 

interface. This coating has a higher coefficient of thermal expansion than mullite (9.510-

6/K). However, both mullite and forsterite showed a crack-free structure in as-coated 

conditions, which could give higher mismatch stresses compared with a pre-cracked 

structure, as seen for the Zr-based coatings. None of these coatings showed extended 

cracks along the bond coat/TBC interface but they did show some cracks between the 

pores in the coatings. In addition, 8YSZ and La2Zr2O7 showed surface cracks. The 

nanostructured 8YSZ, which had the highest thermal expansion coefficient (1110-6/K) 

combined with the presence of nanostructured zones working as crack deflection points, 

showed the best performance regarding spallation resistance, as no significant change in 

the crack structure was observed in any of the tests.  

8.5.3 Insulation properties 

Another important parameter to evaluate is the thermal conductivity. One of the factors for 

reaching low thermal conductivity is high porosity. In this thesis, it was observed that the 

porosity in some coatings was significantly affected by thermal cycling, especially in diesel 

exhaust gases. Increased porosity was seen for La2Zr2O7 and 8YSZ after thermal cycling, 

while decreased porosity was seen for nano-8YSZ and forsterite. The porosity of mullite 

and that of the sol-gel coatings was almost unaffected. Since the thermal conductivity is 

higher for a dense material, a decrease in porosity is unfortunately expected to increase the 

thermal conductivity.  

 

The increased porosity for La2Zr2O7 and 8YSZ could be explained by cracks formed within 

the coating during the thermal cycling. In the short term, the cracks are advantageous as 

they promote low thermal conductivity. However, in the long term, they may cause 
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spallation problems. The reduced porosity seen for nano-8YSZ and forsterite was mainly 

observed in the engine test and not in the test conducted in air. The 2000 h of cycling 

inside exhaust manifolds, with faster heating and cooling cycles, resulted in an 

approximately 50% decrease in porosity for nano-8YSZ. This decrease is probably linked 

to high compressive stresses formed within the TBC during the rapid cooling, which may 

cause sintering of the porous nanostructured zones110,111. A parallel could be drawn to 

forsterite, which in the as-coated structure has clusters of small pores showing some 

similarities to the nanostructured zones in nano-8YSZ. It should be pointed out that there 

are other factors that may lead to different performance in the engine test compared with in 

the chamber furnace, for example gas pressure, chemistry and cycling time. However, 

these effects were not studied here.  

8.5.4 Requirements of TBCs 

Based on thermal modeling, only a small temperature reduction can be expected if a 

conventional TBC, such as 8YSZ, with a thickness of 0.2-0.4 mm is used. As seen in Fig. 

48, the effect of a TBC can be greatly improved by decreasing the thermal conductivity or 

increasing the thickness. The thermal conductivity required for a 50°C reduction if the 

TBC is 0.2 mm thick is extremely low, close to 0.1 W/m K, and is difficult to achieve. 

Increasing the thickness seems like a more feasible approach. If a TBC with a thermal 

conductivity of 1.5 W/m K, corresponding to a conventional Zr-based coating, is used, a 

coating thickness of 3 mm would be necessary to reduce the cast iron temperature by 50°C. 

This coating thickness was not examined in this thesis, but it is likely that it would 

introduce problems regarding spallation resistance. To ensure an appropriate service life of 

the TBC and still obtain a large reduction in temperature, development work with the focus 

on reducing the stresses in the coatings is necessary.    

8.5.5 Effect on fatigue life 

Despite the low temperature reduction expected from conventional TBCs, the fatigue life 

of a turbo manifold was estimated to be improved by 2- to 5-fold in many positions. In the 

calculation, a 0.4 mm TBC with a thermal conductivity of 1 W/m K was assumed. From 

Fig. 49, it can be seen that the benefit of a TBC can be improved even more if the thermal 

cycling is very fast. However, from these calculations it is difficult to state an overall 

improvement factor of the fatigue life. As shown in Fig. 50, the fatigue life was reduced at 

some positions on the outside of the component. In those positions, both the stress range 

and the temperature range were slightly lower when a TBC was present. The reason for the 

shorter life appeared to be higher mean stress. Moreover, the effect from creep and 
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oxidation on the fatigue life was not taken into consideration in the calculations. The main 

conclusion of these calculations is that overall, there is a positive influence on the fatigue 

life when a TBC is present. Moreover, as discussed in section 8.4, diesel exhaust gas 

causes a clear reduction in the fatigue life owing to oxidation during crack growth. On 

introducing a thermal barrier system, it is likely that an additional improvement of the 

fatigue life could be obtained, as the bond coat could reduce or remove the effects of 

oxidation.    
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9 CONCLUSIONS 

 

The aim of this thesis was to improve the life of cast exhaust manifolds in order to allow 

for higher exhaust gas temperatures in heavy-duty diesel engines, which is an important 

step in complying with coming emission legislations. The work first focused on improving 

the current material, SiMo51, for increased high-temperature oxidation and fatigue 

resistance in exhaust gas temperatures up to 800°C and then on new material alternatives. 

To select the most suitable material for the application, the effects of the environment on 

the fatigue life were examined in order to understand the influence of real service 

conditions on the component life. 

9.1 Improving SiMo51 

For increasing the life of SiMo51, two approaches were studied: changing the chemical 

composition by addition of Cr and Ni and applying a thermal barrier coating for thermal 

protection.  

 

Adding Cr was found to be most successful in the first approach, showing improved 

oxidation resistance in air at 700 and 800°C. This was linked to formation of Cr-oxide at 

the oxide/metal interface. However, under real operating conditions in diesel exhaust gas, 

no Cr-oxide was observed. Ni addition had an adverse effect on oxidation resistance. 

Regarding fatigue properties, the effects of precipitation hardening from Cr and solid 

solution hardening from Ni were low at 700°C, showing no improvement. The conclusion 

was that this approach is only effective in improving the oxidation resistance in air and not 

in diesel exhaust gas under real operating conditions.  

 

Applying a thermal barrier coating for thermal protection of exhaust manifolds of SiMo51 

was found to be beneficial in improving the fatigue life. Among the coatings tested, the Zr-

based variants, 8YSZ and the nanostructured 8YSZ, showed the best performance 

regarding spallation resistance and insulation properties. Moreover, the bond coat of type 

Ni23Co20Cr8.5Al4Ta0.6Y showed superior oxidation resistance. The major failure 

mechanism appeared to be spallation caused by mismatch stresses, making coatings with 

low coefficients of thermal expansion, such as mullite, unsuitable. When using Zr-based 

TBCs, a coating thickness of 3 mm is suggested for reducing the temperature of SiMo51 

by 50°C. However, despite the low temperature reduction obtained from a 0.4 mm thick 

TBC, the fatigue life of a turbo manifold was improved by 2- to 5-fold in many positions 

according to FE calculations.     
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9.2 Candidate materials  

Based on the results obtained, two candidate materials to SiMo51 are suggested; Ni-resist 

D5S and HK30. 

 

Up to 800°C, the austenitic ductile iron Ni-resist D5S can perform well regarding strength 

and fatigue properties. However, the alloy shows some limitations regarding its oxidation 

resistance, with e.g. spallation at 700 and 800°C after testing in air. Heat treatment at 

900°C can enhance Si- and Cr-oxide formation, giving more adherent and protective oxide 

scales.   

 

Between 700 and 900°C, the austenitic cast steels showed higher yield strength and fatigue 

life than SiMo51. Among these alloys, HK30 showed the most favorable results, with the 

most protective oxidation behavior at 900°C and high fatigue life between 700 and 900°C. 

Increasing the carbide content by adding Nb caused cracking in the carbide regions during 

fatigue. This could be a negative aspect. Moreover, the 20Cr-10Ni alloys (HF and A3N) 

showed insufficient oxidation properties at 900°C, with major Fe-oxide formation and 

oxide spallation.    

9.3 Environmental effects 

The fatigue life of SiMo51 at 700°C decreased as the corrosiveness of the gas increased. In 

diesel exhaust gas, the fatigue life was reduced by 30-50% compared with in air and by 60-

75% compared with in an inert environment. Two different crack mechanisms were 

observed and linked to oxidation. The first, showing low or no influence of oxidation, was 

characterized by nodule-to-nodule crack growth. It was observed in inert environments and 

during fast crack growth, where there is little time for oxidation reactions. The second 

mechanism was strongly influenced by oxidation and was characterized by oxidation in 

front of the crack tip followed by crack growth. In diesel exhaust gas, the second 

mechanism dominated. Hence, when using fatigue data collected in air for life prediction 

calculations, it is necessary to take a reduction of fatigue life into account. However, the 

effect is dependent on the strain amplitude and on the frequency. To give an exact value of 

the fatigue life reduction, the stress-strain state of the real component must be known.    

 

The results indicated that the conditions found in exhaust manifolds reduce the effect of Si 

on oxidation resistance. Compared with tests under atmospheric conditions, oxidation 

testing in a diesel test engine showed suppressed SiO2 formation. This was partly attributed 

to running the engine at low temperatures, reducing the diffusion of Si to the surface, and 
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partly to the presence of oxidative species (H2O, CO2, SO2 etc.) forming catalytic oxygen 

transport across the scale and breaking down the SiO2 layer through reactions with the 

rapidly forming Fe-oxide, accelerated by the high gas flow. 
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10 FUTURE WORK 

 

The testing of corrosion fatigue focused on SiMo51 at 700°C. It would be interesting to 

expand the testing to see if the reduction in fatigue life is lower at lower temperatures. This 

is important information in formulating a corrosion factor that can be used in design 

calculations, since the material is not exposed to isothermal temperatures during service. In 

addition, since HK30 and Ni-resist D5S are suggested to be good candidate materials to 

SiMo51, it is of interest to study their corrosion fatigue properties. Another important 

parameter when discussing corrosion fatigue is the true stress-strain state for a real 

component. The tests described in this thesis were conducted with a fixed frequency 

(0.03Hz) and load ratio (R= -1) and it is not certain that these conditions correspond to the 

real environment. Hence, measuring the strain on a real component could contribute in 

developing the laboratory tests to correlate better to real operating conditions.      

 

Moreover, in the corrosion fatigue tests, only the oxidation interaction was taken into 

consideration. It is also likely that creep affects the fatigue life. Based on the high level of 

plastic deformation occurring in cast irons at high temperature, creep is believed to show a 

strong influence. By introducing information about creep strains in design calculation, the 

life prediction could be improved even more. One example of a creep test method is the 

stress-relaxation test. Since exhaust manifolds are exposed to thermal cycling, it would be 

interesting to investigate the creep strains during cycling conditions. Creep testing can be 

time-consuming when using the commonly employed constant load method. By comparing 

creep strains from this method to those obtained from the faster stress-relaxation test, it can 

be investigated whether the faster method can be used instead.  

 

The use of thermal barrier coating in exhaust manifolds showed good potential for 

improving the fatigue life. However, the method used for applying these coatings on the 

inside of the pipes needs to be improved in order to produce durable coatings with good 

insulation properties. One method that has already been suggested is to coat the sand cores 

and apply the coating during the casting process. To succeed, sand cores that can withstand 

the plasma spraying process must be developed. The main idea of applying a TBC was to 

increase the component life by reducing the temperature of the cast iron. The study of 

thermal barriers and of corrosion fatigue gave another insight. By applying an oxidation 

resistant coating, such as the bond coats studied in this work, the influence of oxidation on 

the fatigue life could perhaps be reduced, thereby improving the component life.     
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