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Abstract 

An exhaust manifold of a truck engine is subjected to tough conditions. As the truck is started, 

operated and shut down, it becomes subjected to thermal cycling up to around 800°C. At such 

high temperatures, corrosion, fatigue and creep are active degradation mechanisms. As can be 

imagined, the interplay between the three complicates materials selection. It is desired to have 

a versatile grade of high durability which is not too expensive. At the moment, a ferritic, ductile 

cast iron designated SiMo51 is used for the application. However, due to the rough conditions, 

it is considered to be on the verge of its operational limit. As a consequence, there is an ongoing 

search for candidate materials. In this study, the ductile cast irons SiMo51, SiMo1000, D5S and 

the cast steel HK30 have been included. 

In the past, there have been several studies describing corrosion and fatigue of the cast 

materials used for exhaust manifolds. However, on the subject of creep of cast materials, little 

is known. The present study aims to reveal creep tendencies of cast materials and to do it in 

several ways. More precisely, three creep-testing methods were employed: the conventional 

constant-load creep-test, the “Sequential tensile test (STT)” and “Stress relaxations with 

thermal cycling (SRTC)”. The first one is the traditional one. It is tedious, usually lasting 

months or years. The second one is a tensile test in which the strain rate is changed in 

sequences as specimen deformation proceeds. Here, the idea is that a slow tensile test is not 

different from a conventional creep test. In the third one, stress relaxations are provoked as a 

specimen is thermally cycled in a locked state. Since stress relaxations are a consequence of 

creep deformation, the relaxation data gathered from isothermal holds can be directly 

compared to results from the isothermal constant-load creep-test and STT. When thermally 

cycled in a locked state, the materials display a loop character in σ, ε and T which provides 

extensive information about the mechanical properties over the selected temperature interval.  

In a logarithmic Norton plot, the creep strain rate is plotted as a function of stress. By plotting 

STT-data in such Norton plots, it was shown that the creep behaviour of the included 

materials is well represented by Norton’s law. Furthermore, it was found that the creep strain 

rates and stress relaxations, measured during isothermal holds in SRTC, in several cases show 

perfect coincidence with tensile test data obtained through STT. At 700°C, data from all three 

tests were inserted in the same Norton plot. At higher stress levels, the SRTC-curve follows 

the STT-curve and at lower stresses, when the creep regime is entered, it bends down and 

unites with data obtained by the constant-load creep tests. Additionally, it was seen that a 

relatively high degree of pre-deformation can give a critical stress below which creep 

deformation stops completely. 

Keywords 
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Sammanfattning 

Ett avgasgrenrör i en lastbilsmotor utsätts för hårda förhållanden. När lastbilen är i drift 

utsätts det för termisk cykling upp till ungefär 800°C. Vid så höga temperaturer verkar 

korrosion, utmattning och krypning samtidigt vilket gör materialvalsprocessen komplicerad. 

En mångsidig legering som inte är alltför dyr eftersöks. I nuläget tillverkas grenrören av ett 

segjärn benämnt SiMo51. Denna legering anses arbeta på gränsen till sin förmåga varför en 

process för att finna nya kandidatmaterial är ständigt pågående. I denna studie har de ferritiska 

segjärnen SiMo51, SiMo1000, det austenitiska gjutjärnet D5S, och det austenitiska gjutstålet 

HK30 inkluderats. 

Tidigare har flera studier genomförts i vilka korrosion och utmattning hos gjutna material har 

beskrivits. Emellertid förblir krypning hos dessa material ett nästintill outforskat område. I 

denna studie är målet att blottlägga kryptendenser på flera sätt. Mer specifikt används tre 

krypprovningsmetoder: krypprov med konstant last, sekventiellt dragprov och en ny metod 

genom vilken spänningsrelaxationer registreras under termisk cyckling. Den första av de tre 

är konventionell och väl beprövad men jämfört med de två andra hemskt tidskrävade. Den 

andra är ett dragprov under vilket töjningshastigheten ändras i sekvenser i takt med att provet 

deformeras. Här kallas den kort STT efter den benämning som används på engelska, ”The 

sequential tensile test”. I det fallet är grundidén, det som motiverar att testet genomförs, att ett 

långsamt dragprov ger samma information som ett krypprov. I det tredje testet framkallas 

spänningsrelaxationer när en provstav cyklas termiskt i ett låst tillstånd. Denna metod kallas 

SRTC efter ”Stress relaxations with thermal cycling”. Eftersom spänningsrelaxationer sker 

som en konsekvens av krypdeformation kan sådan data kopplas direkt till data framtagen med 

andra, isoterma, krypprovningsmetoder. När en låst provstav cyklas termiskt erhålls loopar i 

spänning, töjning och temperatur, loopar som berättar om materialets mekaniska egenskaper 

över det valda temperaturintervallet. 

I en logaritmisk Norton-plot visas kryptöjningshastigheten som funktion av spänning. När 

resultat från de sekventiella dragproven sattes in i en sådan graf var det tydligt att 

krypbeteendet hos testade material representeras väl av Nortons kryplag. Det kunde även 

faststlås att de spänningsrelaxationer och kryptöjningar som registreras under isoterma 

hålltider i SRTC sammanfaller ytterst väl, i vissa experiment nästan fullständigt, med den 

krypdata som togs fram med hjälp av STT. Vid 700°C kunde krypdata framtagen med 

samtliga metoder sättas in i samma Norton-plot. Det framkom då att SRTC-datan följer STT-

datan väl vid höga spänningar för att sedan, när krypregimen äntras vid lägre spänningar, 

böjas ned mot lägre kryptöjningshastigheter och korsa krypkurvan framtagen med konstant 

last-försöken. Vid 700°C gick kryptöjningshastigheterna mot noll för SRTC-provet, vilket 

förklarades med en relativt hög deformation innan spänningsrelaxationen. 
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1. Introduction 
Heavy-duty trucks are used for long-distance routes, carrying heavy loads and being in 

constant operation. Due to these working conditions, they cannot be compared to passenger 

cars. There are several types of truck engines. Two examples are the Otto-engine, driven by 

gasoline or biofuel, and the diesel engine. For both types, a stricter legislation drives a 

development towards lower CO2-emissions. In order to meet this requirement, the engine 

efficiency has to become higher. 

In the case of the Otto engine, the increasing efficiency results in higher temperature of the 

exhaust gas. This puts higher demands on the materials used for exhaust manifolds. For the 

diesel engine, on the other hand, the increasing efficiency results in a decreased exhaust gas 

temperature. However, for both types, it is still desired to increase lifetime and reliability of 

the component. Since the two engine types are associated with different service conditions, 

different materials characteristics may be desired. For the Otto engine, a more highly alloyed 

and expensive grade may be suitable whereas for the diesel engine, a cheaper alternative may 

be acceptable. However, it should not be ruled out that one material may meet the 

requirements for both engine types. 

In Fig. 1, an exhaust manifold is seen in full operation, glowing in red. Located in the very 

beginning of the exhaust system, firmly bolted to the engine cylinder block and the turbo 

charger, an exhaust manifolds receives the exhaust gas from the engine cylinders. The 

collected gas flows through the manifold, into the turbo charger, and continues downstream in 

the exhaust system. As the engine is started, operated and shut down, the exhaust manifold is 

subjected to thermal cycling up to around 800°C. 

 

Fig. 1. Exhaust manifold 

In the present study, four candidate materials have been included: SiMo51, SiMo1000, D5S 

and HK30. SiMo51 and SiMo1000 are ferritic ductile cast irons, D5S is an austenitic cast iron 

and HK30 is an austenitic cast steel. Both austenitic grades are highly alloyed with chromium 

and nickel, mainly to increase strength and corrosion resistance at elevated temperature. 

Therefore, they can be used in more demanding conditions, such as in the Otto-engine. By 

comparison, the ferritic cast irons are less alloyed, and more suitable to use when demands are 

lower. 

The material used for exhaust manifolds face many challenges. When the component is 

thermally cycled up to 800°C, several damage mechanisms are involved: low cycle fatigue 

caused by thermal expansion, high-cycle fatigue due to vibrations from the road and other 
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components, corrosion from the aggressive exhaust gas, and creep deformation due to long 

times spent at elevated temperatures. This interaction between fatigue, corrosion and creep 

gives a degradation of the material which is not easily understood. To further complicate 

things, the abundant graphite nodules in the cast irons affect all mechanical properties. 

The loading to which an exhaust manifold is subjected has been thoroughly described by 

Norman [1]. The earlier mentioned low cycle fatigue, caused by thermal expansion, is usually 

termed TMF (thermo-mechanical fatigue). Loading can be purely thermal, as in the case of 

non-restricted thermal expansion. It can also be purely mechanical, if a force is applied at 

constant temperature. Thus, if a piece of material is heated in a restricted state, there is a 

combination of thermal and mechanical loading. If this loading is cyclic, i.e. if the 

temperature is cycled, it is termed thermo-mechanical fatigue. Since the manifold is locked to 

its surroundings, it is restricted. As the exhaust gas enters the manifold, areas close to the inlet 

become hotter than other areas. This gives a non-uniform thermal expansion. When some 

parts expand more than others, the component becomes loaded. 

Besides mechanical, cyclic, loading, the component is also damaged by high-temperature 

corrosion. In a study by Ekström et al. [2], it was shown that the fatigue lifetime of SiMo51 in 

exhaust gas atmosphere, compared to argon atmosphere, can be decreased up to 75%. On the 

subject of environmental effects on fatigue lifetime, there are more studies on Ni-base alloys, 

often used for aerospace applications. However, regardless of material, the common result is a 

shorter fatigue life in corrosive atmospheres compared to inert ones. 

There are several studies on fatigue and corrosion of cast materials but creep remains 

comparatively unexplored. In general, regardless of application, creep is considered as a 

damage mechanism. For an exhaust manifold, creep is seen as cyclic, accumulated plastic 

deformation. With time, creep porosities may nucleate, interlink, and eventually form cracks. 

Due to the lack of knowledge about creep damage in cast materials, no commercially 

available component lifetime model can account for it. However, it is more straightforward to 

include the effect of creep on stress. At high temperatures, when the component is loaded, 

elastic strains transform into creep strains, causing a relaxation in stress. Due to this 

relaxation, the stress amplitude is lowered. Therefore, the component life can be 

underestimated if creep data is not included. However, it can be overestimated if creep 

damage is not included. 

The traditional way of testing creep is the constant-load creep test. In such a test, a specimen 

is monotonically loaded in tension, and the resulting creep strain is measured. The test is 

generally time-consuming and costly. Depending on chosen temperature and stress, it usually 

lasts months or years. Thus, with the constant-load creep-test, it is not possible to quickly 

make a screening of creep properties of various materials. Since the loading is monotonic in 

tension, it poorly reflects the cycling loading to which an exhaust manifold is subjected. With 

these shortcomings in mind, it is motivated to develop new, accelerated methods to test creep. 

In the present study, three creep-testing methods were employed: the constant-load creep-test, 

the “Sequential tensile test” and “Stress relaxations with thermal cycling”, the latter two being 

accelerated. 
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1.1. Development of exhaust manifold materials 
The materials commonly used for the application are ductile cast irons and cast steels. Cast 

irons are defined by a carbon content of at least 2 wt%. The microstructure mainly consists of 

a matrix of ferrite (bcc) or austenite (fcc), graphite particles, and carbides. Cast steels are 

austenitic with high contents of Cr and Ni. Compared to cast steels, cast irons are easier to 

cast, have higher thermal conductivity, lower thermal expansion, and are cheaper. Cast steels, 

on the other hand, have higher corrosion resistance and strength at elevated temperatures. The 

higher strength of austenitic alloys can be attributed to the fewer slip systems in fcc compared 

to bcc. Additionally, since it is easier for carbon atoms to fit into the interstitial vacancies of 

the fcc-structure, solution strengthening is more effective. However, the difference in strength 

depends on many other factors as well. The microstructures of a), SiMo51, b), SiMo1000, c), 

D5S and d), HK30, are shown in Fig. 2. Since different batches were used, the chemical 

content is given in ranges, see Table 1.  

1.1.1. SiMo51 

Exhaust manifolds in diesel engines are, at the time of writing, in many cases made out of the 

ferritic ductile cast iron SiMo51 (or a similar SiMo-grade). The alloy is designated in this way 

since the relation between chemical contents of Si and Mo is 5:1. In the ferritic matrix, there 

are dispersed graphite particles of spherical shape (V or VI) and M6C-carbides (M=Fe, Mo, 

Si) [3]. The addition of Si gives higher fluidity of the melt, paving the way for a good casting. 

Secondly, it gives higher strength by solid solution strengthening. Thirdly, Si is added to 

improve corrosion resistance. At elevated temperatures, a thin protective barrier of SiO2 forms 

closest to the base metal, protecting it from further oxidation.  

Mo is added since it forms carbides and provides solid solution strengthening. The presence 

of carbides gives a more brittle material. Generally, carbides lower creep deformation rates 

since they act as obstacles for dislocation motion [4]. However, carbides are usually too small 

for dislocations to pile-up around them. 

A dilatometry test of SiMo51 showed that austenitization starts at 900°C. There is also a 

magnetic transition from ferromagnetic to paramagnetic, the Curie temperature, at 700°C.     

1.1.2. SiMo1000 

SiMo1000 is marketed as an improved version of earlier SiMo-grades, with less oxide scaling 

and higher austenitization temperature [5]. With its ferritic matrix and Mo-carbides, it is very 

similar to SiMo51. Primarily, it differs regarding the graphite morphology and chemical 

content. The graphite particles are of spherical as well as vermicular shape. In general, it is 

desired to have spherical graphite particles since it gives higher strength and ductility. 

Secondly, this grade has an addition of 3 wt% of aluminium. It is added for solid solution 

strengthening and to raise the austenitization temperature, which was here measured to start at 

950°C. The Curie temperature was measured to 715°C. 

1.1.3. D5S 

Ni-resist cast irons have been alloyed with enough Ni to produce an austenitic matrix. The 

group of Ni-resists consists of both flake and spheroidal cast irons [6]. In total, there are 

fourteen grades of spheroidal Ni-resists, ordered according to their Ni-content. In this family, 

D5S has the second highest Ni-content (35-36%). It has good corrosion resistance up to 
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1050°C, and is commonly used for turbine blades, gas turbines, turbo-chargers and exhaust 

manifolds. 

Due to the contents of Ni and Cr (1.5-2.5 wt%), D5S has higher strength and corrosion 

resistance compared to the ferritic cast irons. The requirements for the D5S-grade is that at 

least 80% of the graphite particles are spherical (i.e. belong to group V or VI) and that no 

intercellular carbides are present. 

1.1.4. HK30 

As mentioned before, HK30 is used when the cast irons do not meet the requirements, such as 

for the exhaust manifold of an Otto-engine. Since HK30 is an austenitic cast steel, the 

graphite phase is absent. Compared to the ferritic cast irons, it is highly alloyed with Cr (23- 

27 wt%) and Ni (19-22 wt%). Chromium is added to increase strength by solid solution 

strengthening and carbide formation, and for enhanced corrosion resistance. At elevated 

temperatures, a thin, dense, protective, layer of Cr-oxide is formed. If there is residual ferrite 

after casting, a brittle sigma phase may form after long time exposure at elevated 

temperatures, considered detrimental for the component.  

  

   

 

 

Fig. 2. Microstructures of a), SiMo51, b), SiMo1000, c), D5S and d), HK30. 

 

 

 

 

 

  

  

  

  

 

 

a) b) 

c) d) 
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Table 1. Chemical compositions (wt%, Fe bal.) 

Alloy C Si Mn Ni Mg Cr P Cu Mo Al 

SiMo51 3.0-3.5 4.2-4.8 <= 0.4 <= 0.1 0.02-0.08 <= 0.1 <= 0.05 <= 0.1 0.8-1.2  -  

SiMo1000 3.0-3.9 2.0-3.2  <= 0.4 <= 1.0  -   -   -   -  0.5-1.0 2.5-3.9 

D5S <= 2.0 4.9-6.0  0.5-1.5 35.0-36.0  -  1.5-2.5 <= 0.08 <= 0.50  -   -  

HK30 0.25-0.35 0.5-2.0  -  19.0-22.0  - 23.0-27.0 <= 0.04  -  <= 0.50  -  

 

1.2. Aim of the work 
Primarily, this study aims to investigate creep and plasticity of four cast materials at elevated 

temperatures, using three different test methods. New methods have been developed to see if 

it is possible to test creep deformation faster, without waiting months to obtain a single data 

point. It is desired to understand more about mechanical properties of cast materials at 

elevated temperatures and how they should be tested. Results obtained from each method are 

compared and differences are discussed with reference to the nature of each test method. The 

case of a test specimen mounted in a test rig is highly idealized. Due to complex shape and 

big thermal gradients, the case of the component is complicated compared to that of the 

specimen. By studying test data, the impact of creep- and plasticity can be understood on the 

specimen level. Then, the next step is to move in thought, from the specimen perspective to 

that of the component.  

2. Theory 

2.1. Creep 
Traditionally, creep is defined as time-dependent plasticity at high temperature and constant 

stress. In order to obtain creep deformation, temperature and stress need to be sufficiently 

high. Often, 0.5Tmelt is considered as a critical temperature for the onset of creep. When 

discussing yield stress, it is necessary to include strain-rate sensitivity. The stress required to 

activate creep deformation is lower than the “conventional” yield stress. In a regular tensile 

test, a strain rate of around 10-4-10-3 s-1 is usually applied. The yield stress obtained from such 

a test is the conventional one. However, if instead a lower strain rate of 10-7s-1 is applied, the 

yield stress is significantly lowered [7]. This reduction in yield stress with deformation rate 

enables substantial plastic deformation at low stress levels. To conclude: If the temperature is 

increased or the strain rate is decreased, the yield stress is lowered, at some point enabling 

creep deformation.  

Norton’s law (eq.1), describes the relation between the steady state, secondary creep strain 

rate and the applied stress. It is well-established and confirmed to apply for most pure metals 

and many alloys.   

𝜀�̇�𝑠 = 𝐴0exp[−𝑄𝐶/kT] (𝜎𝑆𝑆/𝐸)
𝑛 (1) 

𝜀�̇�𝑆 = secondary creep rate, 𝐴0 = constant, 𝑄𝐶 = activation energy for creep, k = Boltzmann’s 

constant, E = Youngs modulus, n = stress-sensitivity constant. 

From an engineer’s perspective, secondary creep, where the creep rate is constant, is often 

most important since it usually constitutes a big part of the creep curve. In a Norton plot, the 

logarithm of the secondary creep strain rate is plotted as a function of the logarithm of stress. 
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In such a plot, n is the slope. Above 0.5𝑇𝑀, n is around 5 for pure metals. As a result, the term 

“Five power-law creep” is often used. At lower temperatures, below 0.5𝑇𝑀, n becomes higher, 

which is termed “Power-law breakdown” (PLB). 

Creep is closely linked to diffusion. For pure metals, QC has been found to agree well with 

QSD, the activation energy for lattice self-diffusion. Because of this agreement, dislocation 

climb (i.e. vacancy diffusion) is considered the dominating creep mechanism within five-

power-law creep. In PLB, the deformation mechanism is still not fully validated, yet widely 

debated in the creep research community, where many believe that deformation is still 

governed by dislocation climb [7]. 

2.1.1. The creep curve and the conventional, constant-load creep-test 

When the load is applied in a constant-load creep test, the specimen is subjected to an initial 

strain. In Fig. 3, this initial strain, εin, is shown at t=0. Since loading in a creep test is usually 

below the yield stress, the initial strain is usually purely elastic. After the initial straining, the 

region of primary creep is entered. At first, the creep strain rate is high, since there are so few 

dislocations in the material. As deformation proceeds, the dislocation density is increased due 

to deformation hardening, and the creep strain rate starts decreasing. The dislocations arrange 

in criss-cross-substructures [8], forming sub-grains with boundaries of high dislocation 

density. 

At some point, deformation hardening is balanced by dislocation annihilation (i.e. recovery) 

and the dislocation density becomes constant. The substructures simply stop developing. This 

point marks the end of primary creep and the beginning of secondary creep. Secondary creep 

is characterized by a constant creep strain rate. In some cases, secondary creep is not a region 

but instead a transition point from primary to tertiary creep. Then, the transition point is 

simply referred to as the minimum creep rate. As creep proceeds and the specimen becomes 

elongated, there is a decrease in load carrying area. In tertiary creep, this decrease in area 

together with accumulated creep damage result in a higher stress and accelerating creep strain 

rate, eventually driving the specimen to rupture.  

 

Fig. 3. The typical creep curve with initial strain and primary, secondary and tertiary creep 

regimes. 
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2.1.2. Creep damage and rupture 

The typical creep damage is by formation of voids, preferentially located in the grain 

boundaries and around second-phase particles. These voids arise due to grain boundary 

sliding. For pure metals, the voids can be either of wedge- or r-type [7]. The wedges nucleate 

in grain boundary triple points whereas the ellipsoidal r-type voids arise along transverse 

grain boundaries. A creep crack can propagate when a wedge meets an r-type void. 

For alloys with second-phase particles, such as cast iron, void growth is generally more 

pronounced around the particles. The reason for this is not fully understood. However, it is 

well known that dislocations pile-up around particles, resulting in stress concentrations and 

local plastic deformation. The idea that void formation around second-phase particles is 

linked to local plasticity has been proposed by Watanabe et al. [9] and Greenwood et al. [10]. 

If only creep is considered, the crack leading to rupture is, as mentioned, propagating through 

the interlinkage of voids. Unlike fatigue cracks, which are initiated at the surface, creep cracks 

can develop inside the material. A triple-point wedge can be considered as a small, interior 

crack, with stress concentrations being especially high near the edges. If these stress 

concentrations are sufficiently high to plastically deform the surroundings, voids in front of 

the “wedge crack tip” may grow [7]. When the voids have grown enough to meet the wedge, 

the crack can grow. 

2.1.3. Plastic deformation and creep of cast iron 

Due to the presence of graphite nodules, dispersed in the matrix, deformation proceeds 

differently in cast irons compared to a purely ferritic or austenitic material. During 

deformation, dislocations pile-up at defects, for example near matrix-nodule interfaces and 

carbides. Consequently, there is more plastic deformation around the graphite nodules. As 

high local stresses are created around the nodules, it is characteristic for cast irons to have 

early plastic yielding, even at low global stress. Plastic deformation is more severe if the 

graphite is lamellar shaped since that gives high stress at the graphite edges [11]. 

Studies on creep of cast irons are few, but there are some available. Hug et al. [12] showed 

that austenitic cast irons have higher creep resistance compared to ferritic ones at 650-900°C. 

In that study, fracture mechanisms were investigated. Specimens with shorter time to rupture 

exhibited merely plastic straining and additionally, in the case of ferritic cast irons, graphite 

nodules deformed in the direction of applied stress. For longer lasting specimens, fracture was 

caused by creep cracks through the interlinkage of voids. Cavities were found in the grain 

boundaries and around the nodules. It was seen that one single Monkman-Grant law applies 

for all three tested materials, implying that the creep fracture mechanism is the same for 

austenitic and ferritic cast irons. In creep theory, the Monkman-Grant law is used to relate the 

minimum creep rate to the time to fracture. As mentioned in section 1.2, Mo is added to 

ferritic cast irons since it forms carbides. Carbides are expected to contribute to a higher creep 

resistance. This is confirmed by Röhrig [13], cited in [14]. SiMo-grades of different Mo-

contents (0-2 wt%) were creep-tested at 705-815°C, showing that higher Mo-content gives 

higher creep strength. 

At lower temperatures, creep is usually not a concern. However, for some applications, the 

requirements are very strict. The storage of used nuclear fuel in canisters is such an example, 

where cast iron can be used for the parts carrying the canister. In that context, Martinsson et 

al. [14] studied creep of nodular/compacted cast iron at lower temperature, 100-125°C. Tests 
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were running up to 41000 h. It was found that creep at such low temperatures is logarithmic. 

Logarithmic creep is a form of primary creep which never enters the secondary creep regime. 

Creep strains are so small that they can barely be measured. 

2.1.4. Change in creep deformation mechanism with stress 

Sometimes, the creep deformation mechanism changes with stress. On the subject of creep at 

elevated temperatures, many studies concern Ni-base super-alloys, commonly used for 

applications where creep resistance is crucial, such as gas turbine components and aerospace 

applications, [15-17]. These alloys mainly consist of a γ-matrix and γ̇-precipitates. Dennison, 

Holmes and Wilshire [17] investigated creep deformation of IN1000 in the range 1150-

1250°C. By constant-load tests and subsequent TEM-characterization, they could relate 

applied stress levels to deformation mechanism by studying the dislocations arrangement. 

They found that the n-value is around 9 at higher applied stresses and around 4 at lower ones. 

By TEM-imaging, it was shown that the dislocations can bow around the �̇�-particles at high 

stresses (orowan mechanism). At lower stresses, they were unable to, and creep was then 

attributed to climb of edge dislocations or grain boundary sliding. If dislocations cannot bow 

around or cut a particle, they may climb. Creep rupture was however not attributed to creep 

cavities but instead to oxidized intergranular cracks, initiated at the surface. 

2.2. Cyclic loading 
When the loading is cyclic, plasticity develops differently compared to the purely monotonic 

case, which is seen most obviously through the Bauschinger effect. It also gives rise to an 

earlier mentioned degradation mechanism: fatigue. Depending on the degree of deformation 

and the resulting lifetime of a tested specimen, fatigue is termed differently. Low-cycle 

fatigue (LCF) is loading in the plastic regime whereas high-cycle fatigue (HCF) is loading in 

the elastic regime. Low and high refer to the number of cycles to failure. The previously 

described thermo-mechanical fatigue is LCF, caused by a temperature change. 

2.2.1. The Bauschinger effect 

Assume that a material is first loaded in tension, plastically strained to some level, unloaded 

to zero stress, and then loaded in tension for a second time. When it is loaded the second time, 

the stress-strain curve will follow the original one. Assume that instead of loading the 

specimen in tension again, the loading direction is reversed to compression. Then, on the side 

of compression, the yield stress is lower, and stays lower in the following cycles. This 

permanent softening in backward yielding is known as the “Bauschinger effect” [18]. For 

example, in a low-cycle fatigue test, the peak stresses are regularly higher in either tension or 

compression, depending on the direction of the first loading in the first cycle. The cause of the 

Bauschinger effect is usually explained in terms of dislocations theory. When a material is 

pulled in one direction, the dislocations have to overcome obstacles as they move. When the 

loading is reversed, there are no longer any obstacles in their way, and yielding is easier. 

2.2.2. Cyclic creep 

Few have studied how creep behaviour is affected when loading is reversed between tension 

and compression. Most studies only deal with the case of loading in tension, most likely 

because many creep test rigs cannot alternate between tensile and compressive loading. 

However, for many applications, including exhaust manifolds, cyclic creep is of big interest. 

Swindeman [19] studied creep of Inconel at 815°C, and compared monotonic creep tests in 
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tension to cyclic creep tests with revered loading, applying the same peak stress levels. He 

found that the time to creep rupture was shorter for the monotonic creep test in tension 

compared to the cyclic test. Swindeman proposed that this is due to the fact that the true stress 

increases continuously in a monotonic test in tension due to a decreasing cross-sectional area, 

leading to higher creep rates. In the case of compression, on the other hand, the specimen 

becomes thicker and the area increases, resulting in a lower true stress. Consequently, 

Swindeman concluded that a creep test including sequences in compression can be milder 

compared to the purely monotonic one. 

Generally, the tertiary creep regime is entered because of the decrease in cross-sectional area 

of the specimen and accumulated creep damage. In a purely compressive constant-load creep 

test, the area is not decreased and any existing creep cracks are closed, meaning that the 

tertiary regime, as we know it, is never entered. 

2.2.3. Thermo-mechanical fatigue (TMF) 

TMF is the standardized way of testing the mechanical response and lifetime of a specimen 

subjected to thermal cycling in a constrained state [20]. In a TMF-test, the temperature and 

mechanical strain are cycled simultaneously with a chosen phase-shift. When they are in 

phase, the test is referred to as TMF-IP, and when out of phase (180° phase shift), TMF-OP. 

The strain, measured by an extensometer in the middle of the gauge length, is controlled to 

fulfil the chosen phase-shift. In the case of a fully constrained specimen, the total strain is 

controlled to zero as the specimen is cycled, producing the highest possible stress amplitudes. 

In the case of TMF-IP, there is instead a high stress in tension when the temperature is high. 

As any present cracks are open at the peak temperature, this situation is especially severe for 

oxidation-assisted crack growth and creep crack growth. In TMF-OP, there is compressive 

stress at the peak temperature. Since the crack is then closed, the oxide mainly grows along 

the specimen surface. For exhaust manifolds, it is suitable to use the TMF-OP-procedure. As 

exhaust gas passes through, the inner parts of the manifold become hotter compared to the 

outer parts, and expand more. The thermal expansion of inner parts is restricted by outer, 

relatively colder, areas. Therefore, when the temperature is raised, the inner areas become 

subjected to a compressive stress, the temperature and stress are out of phase. 

2.2.4. The effect of atmosphere on fatigue life at elevated temperatures 

In the present study, corrosion is not a main part. However, since studies have shown that 

there is a strong correlation between surrounding atmosphere and fatigue life of cast irons at 

elevated temperatures [1-3], a brief description is given. 

At elevated temperatures, in a corrosive atmosphere, cast irons exhibit oxide scaling. The 

oxide scale regularly consists of an outer layer created by the outward diffusion of iron and an 

inner layer by the inward diffusion of oxygen [3]. In SiMo51, the outer oxide layer is an Fe-

oxide and the intermediate layer a combined Fe-Si-oxide. Closest to the base metal, a thin, 

dense layer of SiO2 is found, acting as a barrier to protect from further oxidation. 

As an addition to scaling, there is decarburization. The graphite particles close to the surface 

react with oxygen and form CO or CO2, leaving porosities in the material [21]. Norman et al. 

[22] studied the TMF-OP-properties of SiMo1000 and SiMo51 at 300-750°C, showing how 

fatigue cracks nucleate from oxide intrusions formed at the surface. Since iron oxide was 

found where the graphite was originally located, it is in the same study proposed that these 
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oxide intrusions grow as a result of decarburization. Ekström et al. [2] showed that the low-

cycle fatigue life of SiMo51 at 700°C can be decreased by 60-75% in corrosive diesel exhaust 

gas and 30-50% in air compared to argon atmosphere. In the same study, different crack 

growth mechanisms were presented for corrosive and inert atmospheres: oxidation-assisted 

crack growth in diesel/air and nodule-to-nodule in argon. 

2.3. Strain rate-sensitivity and the sequential tensile test (STT) 
Instead of waiting months or years for a creep test to finish, one approach is to do tensile tests 

at various strain rates. The idea is that a slow tensile test corresponds to a creep test. As 

mentioned before, when the strain rate is changed, the yield stress is changed. It is quite easy 

to imagine that it requires more force to move atoms quickly. In general, this strain-rate 

sensitivity is more pronounced at elevated temperatures [7]. 

In the present study, this was tested by the “Sequential tensile test”, see Fig. 4. This is one 

single tensile test where the strain rate is changed in sequences over the strain interval. The 

test procedure used here has also been used by Appelt [23]. In the traditional creep test, a 

constant load is applied and when the creep strain rate turns constant, in the secondary creep 

regime, a new point has been collected to the Norton plot. In STT, a constant strain rate is 

applied and when the stress has stabilized, it is assumed that secondary creep has been 

reached. Thus, it is a “reversed” creep test. 

In the test procedure used here, the strain rate is initially set to a high strain rate, 10-4 s-1, up to 

2% of strain. Thereafter, in a “step-down” procedure, it is decreased every 0.5% to 10-5, 10-6 

and 10-7s-1.  Then, in a following “step up” procedure, it is increased every 0.5% to 3.3·10-6, 

3.3·10-5, 3.3·10-4 and 3.3·10-3 s-1. As seen in Fig. 4, the obtained strain rate is close to the set 

one, with slight deviations. The test starts at the high strain rate of 10−4𝑠−1 since some play 

has to be removed before deformation of the specimen is initiated. A strain rate of, for 

example, 10-7s-1 is too low to start with since it would be tedious to remove the play. It could 

be emphasized that the points for step-down and step-up form a set of equidistant points on a 

logarithmic axis with the two groups of points alternating. In this way, equidistant points are 

produced in a Norton plot. 

 

Fig. 4. The sequential tensile test 
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Admittedly, this way of testing creep is associated with some uncertainty. For example, it 

requires that the specimen is allowed to recover between sequences. Otherwise, the 

deformation history from the first sequences will influence the values obtained in the last 

sequences. Usually, at high temperature, recovery processes can effectively remove 

deformation hardening, and in that case deformation history is not a problem. 

2.4. Stress relaxations with thermal cycling (SRTC) 
The mechanical response of a specimen subjected to thermal cycling in a locked state by 

SRTC has been explained in detail by Öberg et al. [24]. SRTC is in some aspects similar to 

TMF-OP. The main difference is that in a standardized TMF-test, the strain of the gauge 

length is used to control the degree of constraint during thermal cycling whereas in SRTC, the 

full length of the specimen is locked to a constant value. In the test, the specimen is first 

heated to the start temperature at zero stress, continuously unloaded by piston motion. It is 

then pre-cycled between the start- and peak temperature, still at zero stress. This is similar to a 

dilatometry test, performed prior to each SRTC-test. The pre-cycling routine is included to 

determine the pure thermal strain contribution in the temperature interval.  

Then, the specimen is locked and thermally cycled between the start- and peak-temperature, 

see Fig. 5. Since the specimen is locked, a temperature change reverses the loading between 

tension and compression. Between the temperature ramps, hold times have been inserted. If 

the temperature and stress are high enough, the stress is then relaxed as elastic strains 

transform into creep strains. 

The strain measured by the extensometer is the total strain. In order to evaluate the desired 

creep strain, some compensations need to be done. The total strain is the sum of thermal, 

elastic and plastic (creep) strains.  

𝜀𝑡𝑜𝑡 = 𝜀𝑒𝑙 + 𝜀𝑡ℎ + 𝜀𝑝𝑙 (eq. 2) 

Thus, to obtain the plastic strain, the thermal and elastic strains are subtracted from the total 

strain. During hold times, the thermal strain can be neglected as it is constant. The creep strain 

is obtained by first calculating the true stress and then removing the elastic strain (σ/E).  

Then, the time and creep strain (x, y) were normalised:  

𝑥𝑁 =
𝑥−�̅�

𝑠𝑡𝑑(𝑥)
 (eq. 3) 

𝑦𝑁 =
𝑦−�̅�

𝑠𝑡𝑑(𝑦)
 (eq. 4) 

�̅� and �̅� are averages of time and creep strain and std(x), std(y) are the standard deviations in 

x, y. The following exponential decay function was used: 

𝑦𝑁 = 𝑝1 + 𝑝2 ∙ 𝑥𝑁 + 𝑝3 ∙ 𝑒𝑥𝑝(𝑝4 ∙ (𝑥𝑁 − 𝑝5)) (eq. 5) 

pi are adjustable parameters. The derivative was then obtained as:  

𝑑𝑦

𝑑𝑥
=

𝑠𝑡𝑑(𝑦)

𝑠𝑡𝑑(𝑥)
∙
𝑑𝑦𝑁

𝑑𝑥𝑁
=

𝑠𝑡𝑑(𝑦)

𝑠𝑡𝑑(𝑥)
∙ {𝑝2 + 𝑝3𝑝4 ∙ 𝑒𝑥𝑝(𝑝4 ∙ (𝑥𝑁 − 𝑝5))} (eq. 6) 

The same curve fits were used for the stress curves, in that case not to calculate the derivative 

but instead to exclude disturbances.   
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Fig. 5. Stress relaxations with thermal cycling. Technological total strain [-] and stress [MPa].  
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3.  Experimental 

3.1. Specimen preparation 
Tensile test- and creep-specimens were manufactured from cast plates. HK30-plates were cast 

by Smålands Gjuteri AB, Eksjö, Sweden, D5S by Joseph Brechmann GmbH & Co, Schloß 

Holte-Stukenbrock, Germany, SiMo51 by Castings P.L.C, West Midlands, England, and 

SiMo1000 by Georg Fischer Eisenguss GmbH, Herzogenburg, Austria. The plates were cast 

using a certain mould geometry, designed to avoid casting defects in the middle of the plate, 

see fig. 6 a). Specimen geometries for constant-load creep-test, STT and SRTC are shown in 

b), c) and d), respectively. The SRTC-specimens were ground with sand paper of decreasing 

roughness (p320, p600 and p1200). 

 

 
 

a) 

 

 
b) 

 
c) 

 
d) 

Fig. 6. Cast plates, a), Specimens for constant-load creep-test specimen, b), STT, c), and 

SRTC, d).  
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3.2. Constant-load creep-tests  
The test rig used for constant-load creep-tests is shown in Fig. 7. It is a new version of the 

traditional “Bofors test rig”. The conventional way of controlling the load is by weights. Here, 

a step motor is used instead. The step motor, connected to a gear box, loads the load cell and 

specimen using the feedback signal from the load cell to control the load. The load is within  

3𝑁−
+  from the set-point, staying within the standard requirement of 1% from the set load. The 

strain was measured by two extensometers which were fastened to the knife edges on the 

specimens. The accuracy of this strain measurement is ±100 nm. The signal from a 

thermocouple, tied at the middle of the gauge length, was used to control the temperature. 

Two other thermocouples were tied to the specimen, above and below the middle of the gauge 

length. 

 

Fig. 7. The Bofors creep-testing rig.  

3.3. Sequential tensile test (STT) 
A Zwick / Roell Kappa 050 DS test rig was used in STT, see Fig. 8 a)-b). With this machine, 

it is possible to do tensile tests up to 1400°C. A radiation furnace was used to heat the 

specimen. In total, six thermocouples were tied to the specimen. The temperature was 

controlled by one and registered by another five. A ceramic contact extensometer was 

fastened to the knife edges on the specimen.  
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a) b) 

Fig. 8. Test rig used for the “Sequential tensile tests”. 

3.4. Stress relaxations with thermal cycling, SRTC 
The test rig used for SRTC-tests is built on a load frame from an Instron 8561- machine. It has 

a 100 kN alignment fixture, 25kN Instron load cell, water-cooled grips and an EDC-580V 

Doli control system see Fig 9 a). An induction system (5kW) from Teknoheat and an 

induction coil of copper is used for heating. Regarding the strain measurement, there are two 

options: either a Laser Xtens compact TZ, ZwickRoell, non-contact laser extensometer, or a 

contact extensometer (MTS, 632.53F-14) with aluminium-oxide pins, can be used. These two 

options are described in detail later on. For tests conducted in argon atmosphere, a gas-tight 

chamber was used, see Fig. 9 b). This experimental setup was originally developed by 

Ekström [3].  

  
a) b) 

Fig. 9. a) The test rig used for SRTC-tests, b) the gas-tight chamber setup 
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3.4.1. Temperature gradient 

It is desired to have a uniform temperature profile along the specimen gauge length. When a 

furnace is used, that condition is usually fulfilled. However, when induction heating is used, 

there is generally a thermal gradient. Due to the varying presence of convection, conductance, 

radiation and magnetic transitions over the temperature interval, the thermal gradient changes 

with temperature. The induction coil has to be symmetric around the specimen and, at the 

same time, it must have enough space between its windings to allow insertion of the 

aluminium-oxide-pins of the contact extensometer. Here, the temperature profile was obtained 

by measuring the temperature at the middle of the gauge length and 5 mm above and below it. 

At these locations, three thermocouples were spot-welded to the surface. The middle 

thermocouple is used for control and closely follows the set temperature. As can be seen from 

Fig. 10, the gradient increases with temperature until around 700°C, where it quite suddenly 

becomes very small. The reason for this abrupt change in gradient is a magnetic transition 

from ferromagnetic to paramagnetic, the Curie temperature. The sudden decrease in thermal 

gradient at the Curie temperature has been thoroughly described by Verma et al. [25].  

As seen in Fig. 10, the middle temperature is always the highest. When the Curie temperature 

is exceeded the material becomes less magnetic (magnetic only in the presence of an external 

field) and a higher effect is needed to heat the specimen with the set heating rate. The middle 

part of the specimen exceeds the Curie temperature first and when it does, the effect is 

increased. This increase leads to a sudden temperature raise of surrounding, ferromagnetic 

areas, and the thermal gradient becomes close to zero. 

 
Fig. 10. Temperature recorded 5 mm above, at, and 5mm below the middle of the gauge 

length. 
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4. Results 

4.1. Strain measurements – comparing laser- and contact extensometers.  
In the present study, two types of extensometers were used for the SRTC-tests, in separate 

series. The modern laser extensometer relies upon pattern tracking. Two green laser beams hit 

the specimen surface at two places. The light is scattered in different angles depending on the 

surface topology forming unique fingerprints of each area, known as speckle patterns. The 

measuring principle is that when a specimen is deformed, these speckle patterns will move 

accordingly. Two speckle patterns can be tracked in master/slave-boxes, see the green boxes 

in Fig. 11 a). Their relative movement, registered by a video camera, corresponds to the 

specimen strain. 

In general, the main advantage of non-contact extensometers is that the specimen is not 

deformed by the extensometer. At elevated temperatures, the tested material may be very soft 

and, in the worst case, deformed by the pressure exerted from the aluminium oxide pins. 

Since the edges of the extensometer are quite sharp, cracks can be initiated. Additionally, 

there is a non-existing preparation time and a low risk of destroying the extensometer itself.  

The contact extensometer used here is equipped with aluminium-oxide pins which are pressed 

against the specimen surface, see Fig. 11 b). The initial distance between the pins is 12 mm, 

which is referred to as L0 (the measurement length).  

 

 
a) Tracking of speckle patterns using the laser extensometer. The green tracking boxes, 

thermocouple (TC), induction coil and specimen are shown in a horizontal view. 

 

 
b) Strain measurement using the contact- and laser extensometer simultaneously. 

 

Fig. 11.  Strain measurement  
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In order to see if there were any differences between the two devices in registered strain, tests 

were conducted using both extensometers simultaneously in an SRTC-test. L0 of the contact 

extensometer is always fixed to 12 mm, whereas in the case of the laser extensometer, it can 

be set to any desired value by moving the tracking boxes shown in Fig. 11 a). The set 

measurement length will affect the obtained strain since there is a temperature gradient along 

the specimen gauge length. Thus, in order to compare the two devices, the measurement 

length of the laser extensometer was also set to 12 mm.  

In Fig. 12 a)-b), results are shown for HK30, SRTC-tested between 500-800°C. In a), the 

strain and temperature are shown as functions of time. For clarity, the strain is here given in 

[mm] instead of the usual [%]. As mentioned earlier, the test starts with thermal pre-cycling at 

zero stress, see 12 b). In this regime, the strains measured by the two devices are almost the 

same. At around 1500 s, the specimen is locked in its full length. As described in section 2.4, 

the succeeding thermal cycles loads the specimen.  

In the first compression, the strain difference between the extensometers is more than a factor 

of two, see a)-b). The difference thereafter increases with the number of cycles. The two 

signals have almost the same curve characteristics, but the levels are different. The measured 

change in strain during pre-cycling between 500-800°C is 0.07 mm, for both devices. 

However, the piston motion, catching thermal expansion of the measuring length, the 

specimen heads and to some extent the grips, move about 4 times more. The measured plastic 

strain during heating with fixed grips depends on the amount of total expansion being 

converted to plastic deformation within the measuring length of the extensometers. As this 

length is the same for both extensometers, there is a real difference in the measuring 

techniques. 

As described above, the monochromatic, coherent, laser beam is scattered from the specimen 

surface, producing a speckle pattern. As this pattern is sensitive to surface topology, it could 

be sensitive to strains in the surface as the strain affects the surface topology, altering 

scattering angles. Ideally, the speckle pattern should only be sensitive to displacements of the 

tracked surface segments. This is the case for zero stress. Naturally, the contact extensometer 

is not sensitive to local surface strains. It follows the motion of the contacted points. As the 

plastic strain is produced by transformation of elastic and thermal strains into plastic strain, it 

appears difficult to get plastic strains that are substantially larger than the ones produced 

thermally. Deviations towards larger deformation could thus by mistrusted more easily. If no 

heat expansion occurred outside the measuring length, the maximum plastic strain is equal to 

the thermal strain which is found during pre-cycling. Thus, it is expected that the compressive 

strain should be close to this level. This is fulfilled by the contact extensometer, but not by the 

laser extensometer. Consequently, the strains reported in the first paper [24] are probably too 

large. However, since the curves of the two extensometers have the same character, both 

devices can be used to see tendencies in strain, even though strain levels are different. Thus, 

the discussions of paper one are still valid. The contact extensometer was used in the second 

series of experiments when the difference had been discovered. Additionally, it could be 

mentioned that SiMo51 was also tested with two extensometers, showing the same type of 

deviation. 
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a) 

 
b) 

Fig. 12.  Strain measured with laser- and contact-extensometers.   

4.2. Constant-load creep-tests  
Constant-load creep-tests of SiMo51 were carried out at 700°C with the initial stress levels 

12, 14, 16 and 18 MPa, see Fig. 13. As discussed previously, the stress changes slightly 

during a creep-test due to the decrease in cross-sectional area. The load is controlled, but not 

the stress.  

The curves have the typical character of a creep curve, with pronounced primary creep 

followed by secondary creep and, in the case of 16 MPa, a slight display of tertiary creep. The 

region of primary creep is more prolonged for lower stress levels. A disturbance, caused by a 

power-failure, can be seen in the secondary creep regime of the 14 MPa-test and in the 

primary creep regime of the 16 MPa-tests.  
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Fig. 13.  SiMo51 constant-load-tested at 700°C with initial stresses of 12, 14, 16 and 18 MPa. 

4.3. The sequential tensile test (STT) 

If the logarithm of Norton’s law (eq. 1) is taken, eq. 7 is obtained. Here, 𝐵0 = (
𝐴0

𝐸
)𝑛. It is 

assumed that the temperature dependence can be modelled with 𝑒−
𝑄

𝑅𝑇. 

log(ε̇ss) = log(B0) −
QC

2.303RT
  + nlog(σ)                                                                               (eq. 7) 

As explained earlier, the strain rate is changed in sequences during the test. As mentioned, the 

sequences where the strain rate is decreased are called “step-down” and where it is increased, 

“step-up”. When the strain rate is changed, a new stress level is reached. If deformation 

hardening is effectively removed by recovery processes, the stress reaches a plateau in each 

sequence. Here, it is called the “saturation stress”. For all tests, at all temperatures (500-

900°C), strain rates and collected saturation stresses were inserted into eq. 7 to determine the 

creep parameters B0, QC and n, listed in Table 2.  

Table 2. Obtained Norton creep parameters 

Material logB0 Q, [Jmol-1] n 

SiMo51 7.012 423043 6.66 

SiMo1000 4.695 386581 6.22 

Ni-resist D5S -1.187 294596 6.09 

HK30 step down 3.830 564273 8.69 

HK30 step up 9.479 631200 7.98 

 

By solving for the stress in Norton’s law, eq. 8 is obtained.  

log(σ) = 
1

n
 (log(ε̇SS) – log(B0)) + 

𝑄𝐶/𝑛

2.303RT
                                                                           (eq. 8) 

Now, the stress can be calculated by inserting the obtained creep parameters and a selected 

range of strain rates into eq. 8. By plotting the calculated stress together with the experimental 

points in a Norton plot, it can be seen how representative Norton’s law is for the four 

materials. As it turned out, for each material, one single set of Norton parameters was found 

to be representative at all temperatures, see Fig. 14 a)-f). There is one exception, HK30. When 

all points are plotted, see Fig. 14 d), they distribute without any order and cannot be described 
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by Norton’s law. However, when the data is separated between step-down and step-up, 

Norton’s law is valid, see e)-f). Due to a change in creep behaviour, HK30 has different 

values of n in step-down and step-up.  

The most time-consuming sequence, lasting 17h, is the one lying between step-down and 

step-up, having a strain rate of 10-7s-1. At 800°C, n increases significantly from step-down to 

step-up. A higher n-value means that for any change in stress, a bigger change in strain rate is 

provoked. Apparently, HK30 is sensitive to the long time spent at 800°C. In order to see if 

something happens to the material, making it softer and less creep-resistant, heat treatment 

tests were conducted for 15, 30, 60, 120, 240, 480 min and 1, 2, 4, 6 and 8 days. Subsequent 

Micro Vicker’s and Brinell hardness tests were carried out. However, due to a big scatter in 

hardness values, no clear trend between heat treatment time and hardness could be 

established.  
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a) b) 

  
c) d) 

  
e) f) 

 

Fig. 14. Calculated Norton plots together with points of obtained strain rates and saturation 

stresses. 

4.4. Stress relaxations with thermal cycling (SRTC)  

4.4.1. Part I, SiMo51 and SiMo1000 

The test procedure was outlined in section 2.4. Results obtained in this part of the study are 

mainly observations of cyclic plasticity and creep. Here, SiMo51 and SiMo1000 were tested 

and the laser extensometer, described in section 4.1, was used to measure the strain. The 

available settings of SRTC are temperature interval, heating- and cooling-rates, and hold 
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times. As a part of the method development, these parameters were changed individually to 

see the effect on results, see Table 3.   

Table 3. Test matrix of SRTC. 

 

 

 

 

 

 

In Fig. 15, the mechanical response of a specimen subjected to SRTC is illustrated, with areas 

of elastic deformation drawn in blue and plastic deformation in red. When the specimen is 

heated in a locked state, the first part (1-2) of the (σ-T)-curve is linear, since there is elastic 

deformation. After some time of heating, the increasing stress and temperature are high 

enough to plastically deform the specimen (2). When the yield stress has been exceeded, the 

specimen stress may, as illustrated in segment (2-3), continue slightly above the yield stress as 

a result of deformation hardening. The isothermal holds are in the segments (3-4) and (7-8). 

The (ε-T)-curves show that the measured, elastic strains are very small, and barely affect the 

total strain registered by the extensometer. Exceeding the yield stress, either in tension or 

compression, is seen as sudden bursts in the (ε-T)-curve. 

 

Fig. 15. Illustration of deformation in SRTC. Areas of elastic and plastic deformation are 

shown in blue and red, respectively. 

It was found that the setting, affecting results the most, is the temperature interval. The 

response of SiMo1000 in three tests, using different temperature intervals, is shown in Fig. 

14. Loops of (σ-T), (ε-T) and (σ-ε) are shown for the first 1.5 cycles, with circular arcs 

indicating the direction of time. Yield stress data, added to the same figure, was provided by 

the manufacturer, GF. The lower temperatures were set to 100, 300 and 500°C and the peak 

temperature was fixed to 800°C.  

Tlow, (°C) Ṫ, (°C/min) thold, (min) Atm. 
100 200   3 air 

300    

500    

500 100   3 air 

 200   

 300   

500 200   3 air/Ar 

    6 air/Ar 

  12 air/Ar 
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When yielding has occurred, see Fig. 16, the specimen stress closely follows the yield stress 

as a function of temperature (left figure); there is no deformation hardening, it is clearly 

removed by recovery processes. At 800°C, during the first isothermal hold, the stress relaxes 

due to creep, eventually approaching zero. When the loading is reversed for the first time, by 

cooling the specimen down to 500, 300 or 100°C, the stress again stays close to the yield 

stress, on the tensile side. In the following reversal, the second heating, the shape of the loop 

is evidently depending on the lower temperature. The yield stress of SiMo1000 at 100°C is 

very high, around 500 MPa, see Fig. 16. Therefore, if the lower test temperature is 100°C, the 

specimen stress during a big part of the second heating is far below the yield stress in tension, 

and this stage only results in elastic deformation until the compressive side is reached and the 

specimen is again compressed, as can be seen from the (ε-T)-curves (middle figure).  

If the lower temperature is instead 500°C, the yield stress is around 380 MPa, and stays close 

to the same level as the specimen stress through the second heating. Thus, with 500°C as the 

lower hold temperature, there is plastic deformation from the start of the second heating, 

rendering a bigger (σ-ε)-loop. In the (σ-ε)-curves (right figure), the absorbed energy is given 

as the area inside each loop (with some additional area between the last part of the curve and 

the x-axis in the case of non-closed loops). It indicates the work from plastic deformation that 

can be used to create damage in the material during each cycle. As can be seen, the area is 

larger in the case of a smaller selected temperature interval. This is consistent with the 

previous discussion on plastic yielding (or no plastic yielding) during the second heating.  

 

Fig. 16. SiMo1000, cycled at 100-800, 300-800 and 500-800°C 

4.4.2. Part 2, all four materials 

In this part, besides SiMo51 and SiMo1000, the materials D5S and HK30 were also included. 

For reasons given in section 4.1, the contact extensometer was used instead of the laser 

extensometer. In part 1, the stress and deformation levels were in all cases high enough to 

plastically strain and fracture specimens after only a few cycles. In part 2, smaller temperature 

intervals, provoking lower stress- and strain-amplitudes, were added to the test matrix. As 

outlined in section 2. 4, the time derivative of the creep strain was obtained analytically by 

fitting an exponential decay function to it, and the stress was treated in the same way. In Fig. 
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17 a)-h), a selection of results is shown, representing all included materials and observed 

elasto-plastic tendencies.   

The left column shows graphs with the stress (dashed, red), the true strain (dashed, blue), the 

thermal strain (dotted, blue) and the curve fits of stress and creep strain (solid, black). The 

true strain includes thermal strain, but the thermal strain has also been included in the same 

figures for illustrative purposes. The true plastic strain is the difference between the true strain 

and thermal strain. In Fig. 17 a)-b), HK30 is cycled at 300-800°C, in c)-d), SiMo51 at 500-

800°C, in e)-f), D5S at 700-800°C, and in g)-h), SiMo1000 at 750-800°C.  

In 17 a), it can be seen how the true strain follows the thermal strain up to around 100 s. This 

is a heating stage, where the stress is still in tension. It is in the elastic part of the cycle, where 

the true plastic strain is zero. Then, as the stress is reversed from tension to compression with 

further heating, the true strain shows a slight curvature and starts decreasing when there is 

plastic yielding. When a stress relaxation begins due to creep, the true strain continues further 

down. The thermal strain follows the temperature ramp and the hold time at 800°C is thus a 

period of constant, thermal strain. The derivative of the creep strain is obtained from the curve 

fit in a). In the logarithmic Norton plot, see b), this creep strain rate is shown as a function of 

stress. Every 10:th cycle from 1 to 91 have been included. Since creep rates are rudimentary 

at 300°C, only hold time data from 800°C has been included. Additionally, STT-data of 

HK30, gathered at 800°C, has been added to the same figure. In b), the resemblance is 

striking, every SRTC-cycle coincides almost perfectly with the STT-data. Since resulting 

stresses and strain rates do not change, the material must be recovered between every cycle. 

The creep behaviour appears almost independent of cycling. Another interesting aspect is that 

creep behaviour is symmetric; results obtained from a tests in compression (SRTC) agrees 

with those obtained from a test in tension (STT). 

In c)-d), the temperature interval has shrunk, now being 500-800°C. Here, the true strain 

significantly exceeds the thermal strain, see c), meaning that the true plastic strain is 

substantial in tension, already from the start. There is a satisfying agreement between the 

SRTC- and STT-data, although the match was even better for HK30, see a)-b). STT-data at 

500°C is missing. However, as mentioned before, the Norton plot can be calculated by 

inserting the creep parameters of SiMo51, see Table 2, into eq. 8. In d), the calculated Norton 

curve (SiMo51, 500°C) is included together with the stresses and strain rates obtained through 

SRTC. Here, it is seen how the strain rate accelerates with stress in tension, driving the 

specimen to rupture after only a couple of cycles. 

In e)-f), the lower temperature has been increased to 700°C, making creep deformation 

possible at both ends of the thermal cycle. Consequently, the Norton plot contains SRTC-

results from both 700°C and 800°C. It shows that the SRTC-data is moved to the left of the 

STT-data. However, the difference in stress between the data sets at 700°C and 800°C is 

almost the same for SRTC and STT. The SRTC-data agrees better with the added yield stress 

data. A clear cyclic softening is seen at 800°C.   

Due to the nature of STT, the Norton line gathered from such an experiment describes the 

onset of plasticity. In g)-h), the selected temperature interval of 750-800°C is small giving a 

tiny plastic deformation prior to the hold time, and therefore the SRTC-data never connects to 

the STT-line (valid for 2% deformation prior to the test). When stresses are so low, below 30 

MPa, the disturbances in stress, caused by disturbances in temperature, are big relative to the 
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stress itself. In that case, any analysis of stress and derivative may be very unprecise. This 

made it hard to tell anything about the behaviour at 750°C. However, at 800°C, shown here, 

circumstances were more beneficial. The “last points”, plotted for all cycles, roughly form a 

Norton line, located to the left of the STT-curve. 
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Fig. 17. a)-b), HK30 300-800°C, c)-d), SiMo51 500-800°C, e)-f), D5S, 700-800°C, g)-h), 

SiMo1000, 750-800°C. 

In an attempt to compare all three creep-test methods, SiMo51 was SRTC-tested between 

300-700°C. The result from the constant-load creep-tests of SiMo51 at 700°C are represented 

by four minimum creep rates, one associated with each stress level. In Fig. 18, results from all 

a) b) 

c) d) 

e) f) 

g) h) 
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three methods have been included in the same graph. Here, it is clear that the SRTC-test is 

able to catch the transition between the fast deformation in STT, probably governed by 

dislocation glide at higher strain rates, and the slow creep deformation of the constant-load 

test, more likely controlled by climb of edge dislocations. The SRTC-curve follows the STT-

curve closely until it bows down and intersects with the point obtained from the creep test at 

14 MPa. Observing the SRTC-curve, creep seems to abruptly come to an end at this critical 

stress of 14 MPa. Quite contradictory, the constant-load creep-test tells that creep of 

3·10-10 s-1 is possible at 12 MPa. Here, it is proposed that the difference lies in the degree of 

pre-deformation. In the case of SRTC, the time interval of interest, from where creep strain 

rates are evaluated, is the hold time. This hold time is preceded by heavy loading inducing 2% 

deformation in the material leading to deformation hardening and lower creep rates. In the 

case of the constant-load creep-test, there is no such pre-deformation, and higher creep rates 

may be expected at lower stress levels. 

 

Fig. 18. Constant-load creep-test, STT and SRTC (Cycl. 1) of SiMo51 at 700°C.  
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5. Conclusions and future work 
Three cast irons and one cast steel were evaluated regarding plastic- and creep deformation, 

using the constant-load creep-test, the “Sequential tensile test” (STT) and “Stress relaxations 

with thermal cycling” (SRTC). For the SRTC-tests, two strain measurement techniques were 

used and compared.  

It was found that SiMo51, when subjected to the constant-load creep test, displays the typical 

creep behaviour with pronounced primary and secondary creep. Since those tests are still 

running, it is too early to say anything about the expected tertiary creep. 

By doing tensile tests at different strain rates, STT, it was shown that the character of 

plasticity and creep, at low and high deformation rates, between 500-900°C, can be modelled 

using Norton’s law. All materials, except HK30, are within “Five power law creep” (n-values 

between 4 and 7). In the case of HK30, one law is valid in the “step down” and another one in 

the “step up”. 

In the SRTC-tests, creep deformation can be understood by analysing the hold times, during 

which stress relaxations are provoked as a consequence of creep deformation at elevated 

temperatures. In the present study, stresses and creep strains obtained by SRTC were plotted 

in Norton plots together with those obtained by the two other methods. By including results 

from all three methods in one plot, see Fig. 17, it was seen that the stress relaxation data 

correlates very well to the STT-data at higher stresses and bows down to unite with the 

constant-load creep data at lower stresses. By studying the SRTC-data in the Norton plot, it 

appears that there is a critical stress of around 14 MPa, below which creep deformation is not 

active. However, results from constant-load creep-tests show that creep deformation is active 

at an even lower stress, 12 MPa. The difference is mainly explained by the higher degree of 

pre-deformation in the SRTC-test; more deformation hardening is produced as a consequence 

of plastic deformation prior to the hold time.  

The stress relaxations provoked by changing the temperature of a locked specimen are not 

easily controlled; they usually take place prior to the isothermal hold time, when the 

temperature is still changing. That means that the hold time, from where creep data is 

obtained, is preceded by a pre-deformation. In the future, stress relaxations should be 

provoked not solely by thermal loads but also at constant temperature, with purely mechanical 

loads. In that case, the degree of deformation or the initial stress prior to the hold time can be 

controlled.  

For other materials, for example the Ni-base super alloys described in section 2.1.4, there is a 

clear understanding of creep deformation mechanisms at various stress- and temperature-

ranges. Constant load creep-tests with subsequent TEM-imaging have given clues about the 

connection between stresses, creep rates and how the dislocations move as they deform the 

material. For cast irons, such an understanding is absent. When the constant-load creep-tests 

of the present study have reached the end, creep rupture, the dislocation cell structure can be 

examined in TEM and related to the Norton plot. Since data was obtained using three 

methods, the Norton plot contains data from lower (constant-load), intermediate (SRTC) and 

high stress levels (STT). 
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