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Abstract  

Today, there is a great focus on downsizing the engines, this means that the engines are made 

smaller in size but retain the same power. This in combination with the drive to increase the 

power of the engines has led to the engine components being exposed to high thermal loads. 

Today’s engines also use very high cylinder pressure. The high thermal loads in combination 

with the high cylinder pressure have led to that the engine components are often very close to 

their material limits, so close that damage is common. This places high requirements on the 

materials, which makes the material selection a critical part of the engineering process. 

The main focus in this thesis work has been to develop and investigate a FEM model that can 

be used to quickly evaluate materials in an exhaust manifold that is exposed to thermo-

mechanical fatigue (TMF). The model was then used to verify a material selection made for an 

existing exhaust manifold. One of AVL’s own software programs has also been evaluated, to 

see if it is a viable alternative to ABAQUS when preforming TMF simulations.   

The material selection made in this master thesis had the restriction that the exhaust manifold 

should not fail due to low cycle fatigue (LCF) when exposed to TMF. The goal has been to 

minimize the mass of the exhaust manifold by selecting a strong material with low density. The 

reason for this is because today there is a big focus on energy efficient cars with low emission 

levels. The simplest way to achieve this is to minimize the mass of the vehicle. 

The simulations conducted in this work has been performed in two different software’s, 

ABAQUS and AVL Fire M. In AVL Fire M flow simulations and steady-state heat transfer 

simulations have been performed. In ABAQUS, steady-state and transient heat transfer 

simulations and stress-strain simulations have been performed. 

The material selection process showed that Inconel 601 is the most suitable material for an 

exhaust manifold exposed to TMF. The simulations using Inconel 601 showed that this 

material will not fail due to LCF. 

The FEM model that was developed in this thesis was a lot faster compared to the existing TMF 

model used at AVL.  

CPU time for the existing model: 14 days 13 hours 14 minutes and 30 seconds (Core time).        

CPU time for the model developed in this thesis: 1 day 6 hours 37 minutes and 49 seconds 

(Core time). 

Two alternative models have been proposed for TMF simulations, one that uses the model 

developed in this thesis and one that is a combination of the existing model and the model 

developed in this work.   



 
 

Sammanfattning  

Idag är det ett stort fokus på ”downsizing” av motorer, vilket innebär att motorn görs mindre i 

storlek men behåller samma effekt. Detta i kombination med en strävan efter att öka effekten 

på motorerna har lett till att motorkomponenterna blir utsatta för stora termiska laster. 

Dagens motorer använder sig också av väldigt höga cylindertryck. De höga termiska lasterna i 

kombination med det höga cylindertrycket gör att motorkomponenterna ofta arbetar väldigt 

nära sina materialegenskaps gränser, så pass nära att skador på komponenterna är vanligt. 

Detta ställer höga krav på materialvalet i motorer och motorns komponenter.    

Detta examensarbetes huvudfokus har varit att utveckla och utvärdera en FEM modell som 

kan användas för att snabbt utvärdera material i ett avgasgrenrör som är utsatt för termo-

mekanisk utmattning (TMF). Denna modell har sedan använts för att verifiera ett materialval 

som har gjorts för ett befintligt grenrör. Ett av AVLs egna mjukvaruprogram har även 

utvärderats, utifall det skulle kunna användas som ett alternativ för ABAQUS då TMF 

simuleringar utförs. 

Materialvalet som gjorts i detta examensarbete har haft som restriktion att avgas grenröret 

med det aktuella materialet inte ska brista med avsikt på LCF då det utsätts för TMF. Målet 

har varit att minimera massan på grenröret genom materialvalet. Detta var för att det är idag 

ett väldigt stort fokus på energisnåla bilar med låga utsläppsnivåer. Detta görs smidigast 

genom att minimera massan på fordonet. 

De simuleringar som har gjorts har utförts i två olika program, ABAQUS och AVL Fire M. I 

AVL Fire M har flödessimuleringar och steady-state värmeöverförings simuleringar utförts. I 

ABAQUS har steady-state och transient värmeöverförings simuleringar samt spännings 

simuleringar utförts.  

Materialvalet visar att Inconel 601 är det bästa materialvalet för ett grenrör utsatt för TMF, 

inconel 601 klarade även simuleringarna utan att brista med avseende på LCF.  

Modellen som togs fram var väldigt mycket snabbare jämfört med den befintliga (core tid).  

CPU tid för den befintliga modellen: 14 dagar 13 timmar 18 minuter och 30 sekunder (core 

tid).  

CPU tid för modell framtagen i arbetet: 1 dag 6 h 37 minuter och 49 sekunder. 

Två metoder har föreslagit som alternativ för TMF simuleringar, en som använder sig av 

modellen som är framtagen i detta arbete och en som använder sig av en modell som är ett 

mellanting av den befintliga modellen och modellen framtagen i detta i arbetet.  
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Nomenclature  

𝑁𝑓  Fatigue lifetime 
 

휀 Strain 
 

𝜎 Stress 
 

∆휀 Strain amplitude  
 

𝐸 Young’s modulus  
 

휀𝑓
′  Fatigue ductility coefficient  

 
𝜎𝑓

′ Fatigue strength coefficient  
 

𝑐 Fatigue ductility exponent  
 

𝑏 Fatigue strength exponent 
 

𝐾 Isotropic hardening parameter  
 

𝑋𝑖 Kinematic hardening parameter  
 

휀𝑒 Elastic strain  
 

휀𝑝 Plastic/inelastic strain 
 

�̇� Strain rate multiplier 
 

𝑓 Yield criterion  
 

𝑿
~

 Back stress tensor  
 

�̇� Accumulated plastic strain  
 

∆휀𝑒 Elastic strain rate 
 

∆휀𝑝 Plastic strain rate 
 

휀𝑣𝑒 Viscoelastic strain 
 

휀𝑣𝑝 Viscoplastic strain 
 

𝑇𝑚 Melting temperature 
  

𝜌 Density 
 

𝜎𝑒 Fatigue endurance limit/ fatigue strength 
 

𝐾𝐼𝐶 Fracture toughness  
 

𝛼 Thermal expansion  
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1 Introduction  

1.1 Background  
For internal combustion engines, the continuing drive to downsize the engines in combination 

with increased performance requirements has led to a high increase in thermal loads. This 

means that today’s engineers are quickly approaching the limits of materials. Since the engine 

components are operating close to the material limits, damage like heat effect on grains and 

fatigue is common, see figure 1.      

 

 

Figure 1. A damaged exhaust manifold, the damage (crack) most likely occurred due to 

fatigue.  

This Master Thesis was initiated at AVL because of the need for evaluating the capabilities of a 

specific software for prediction of thermal behavior in engine components. In this work, a real-

world exhaust manifold geometry will be used for benchmark the AVL Fire M software against 

the more traditional use of ABAQUS for thermal heat transfer simulations. 

In today’s thermo-mechanical fatigue simulations at AVL, two different software’s are used, 

AVL Fire Classic and ABAQUS. AVL Fire Classic is used for the flow simulations and ABAQUS 

for the heat transfer and stress-strain simulations, today’s simulation loop can be seen in figure 

2. 
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Figure 2. The simulation loop used today for TMF simulations at AVL.  

It is very time-consuming to go back and forth between ABAQUS and Fire Classic. The licenses 

for ABAQUS is also very expensive, so it is very desirable to limit the times that is needed to go 

back and forth between software and by that limit the time spent in ABAQUS.  

AVL has developed a software, AVL Fire M, this software is able to conduct flow simulations, 

thermal simulations and simple stress-strain analyzes.  If AVL Fire M can be used instead of 

ABAQUS more time can be spent in the same software and not as many expensive ABAQUS 

licenses are required.  

Engines today uses higher cylinder pressures and higher exhaust temperatures than before, 

this puts much higher thermal loads and temperatures on the materials. There is also an 

interest from the industry and AVL to increase the pressure and temperatures even further, 

increasing the strain in the material even more so the importance of a good material selection 

in engine components is even more important today and will only increase over time. 

1.2 Internal combustion engine  
The internal combustion engine (ICE) has been central to modern society since the late 19th 

century. Many engineers and scientists work have contributed to the development of what we 

today call the internal combustion engine. The first car that utilized the concept of ICE was 

designed in 1885 by Karl Bentz. At the beginning of the automotive industry’s history. The Otto 

engine was used almost exclusively, the Otto engine was first designed by Nikolaus Otto and is 

what we today refer to as the gasoline engine. It was not until 1970-1980 the diesel engine 

began to be utilized in cars and trucks.  

The engine used today in cars and trucks use the same principle as the early Otto and diesel 

engines although a lot of research has been performed which have made the engines a lot more 

efficient.  

Three terms commonly used in the automotive industry are idle, motored and rated engine 

conditions. In the idle engine condition, there are combustion and the lowest possible rpm, for 

example when the car is stationary at a traffic light and no throttle is applied. Rated engine 

condition is defined as the speed of the engine at the highest load where maximum effect is 

achieved, there are combustion and the highest possible power, for example, the car is going 

full throttle up a hill. In motored condition, there is no combustion and high rpm, for example 

when the cars are going down the hill again and no throttle is applied.       

1.2.1 Engine specification 
The engine used in this project is a real heavy duty inline 6 cylinder engine used in a truck. The 

engine specification needed for this thesis can be seen in table 1. 

Flow 
Simulation

(Fire Classic)

Steady-state 
Heat Transfer 

(ABAQUS)

Flow  
Simulation

(Fire Classic)

Transient Heat 
Transfer 

(ABAQUS) 

Stress/Strain 
Analysis 

(ABAQUS)
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  Table 1: In this table, the engine specification for the engine used in this thesis can be seen.  

No. of cylinders  6 

Configuration Inline 

Number of valves per cylinder 4 

 

1.3 Exhaust Manifold Body 
The exhaust manifold is the manifold that is placed on the outlet side of the cylinder head. The 

objective of the exhaust manifold is to collect the exhaust from the outlet on each cylinder and 

transfer the exhausts gases to the exhaust pipe. 

The exhaust manifold geometry used in this work was provided by AVL and consists of three 

casted parts. An exhaust manifold can be seen in figure 3.  

  

Figure 3. The geometry of an exhaust manifold for a 5-cylinder engine [1]. 

1.4 Objective   
In this thesis, it will be investigated if AVL Fire M is a suitable option to replace ABAQUS in 

the steady-state step in the simulation loop showed in figure 2. A new simulation loop will be 

proposed and modeled. The model used today at AVL for TMF simulation include many parts, 

the assembly commonly consists of an engine block, EGR pipe, turbine, gaskets, exhaust 

manifold, bolts and nuts. A simulation this large take a long time to set up and run, so a model 

that only focuses on the exhaust manifold instead of the entire assembly will be developed. 

This model will only focus on the exhaust manifold since a small model that is fast to set up 

and simulate is desirable for quick evaluation of TMF and material resistance for TMF.      

The simulation model will then be used for a material selection, a set of suitable materials will 

be determined in CES Edupack by using different material indexes. The selected materials will 

be used in the simulation model and compared to a material commonly used today in exhaust 

manifolds.   
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1.5 Limitations   
AVL Fire M can only simulate linear elastic stress-strain cases, so it is not an option for the 

TMF simulations since much more advanced material models are needed. The current version 

of AVL Fire M is not able to perform transient heat transfer simulations. This means that the 

steady state step in the simulation loop in figure 2 was going to be evaluated as a suitable option 

for ABAQUS in the software comparison.  

Due to time limitations and difficulty to obtain the needed material properties the material 

selection mainly focuses on different steels and cast irons. The material properties used to 

describe TMF in the different material models (described later in section 2.1.2.3) is very hard 

to obtain and cannot be found in CES Edupack so this could not be used in the material 

selection. The material parameters needed to model TMF is determined by advanced and time-

consuming experiments, so this work was limited to materials with these parameters available 

in the AVL material database. 

1.6 Confidentiality  
Since the exhaust manifold used in this work is confidential, no full-size pictures will be shown. 

Close-ups will be used for showing specific results and dummy figures will be used to show 

parts and concepts. 

Since many of the material parameters used in this work is experimentally determined by AVL 

they are internal and highly confidential, so most of the material data will not be presented in 

this work.  

All the values in the result section will be normalized so no data can be extrapolated from this, 

all results will be divided by the value from the reference material.  All results will be treated 

according to the following expression: 

𝑅 =
𝑅𝑖

𝑅𝑟
 (1) 

Were 𝑅 is the result presented, 𝑅𝑖 is the result of the material simulated and 𝑅𝑟 is the result of 

the reference material.  This means all results presented for the reference material is 1, a result 

larger than 1 is higher and a result lower than one is a lower value of the result.   

2 Theory  

2.1 Thermo-Mechanical Fatigue 
Fatigue can occur due to the variation in temperature. If the fatigue occurs due to temperature 

variation alone, the mechanism is called thermal fatigue. The fatigue can also occur due to the 

variation of temperature in combination with mechanical loading, this is called thermo-

mechanical fatigue. Both topics will be discussed in this report, but thermo-mechanical fatigue 

will be the focus.    

2.1.1 Thermal Fatigue  

Thermal fatigue refers to fatigue that is caused by cyclic stresses that are induced due to 

expansion and retraction due to increase and decrease in temperature. Metals are especially 

sensitive to thermal fatigue due to the high thermal conductivity and thermal expansion.     

For thermal stresses to develop, the thermal expansion due to an increase in temperature need 

to be restricted, this can be seen in figure 4. In figure 4 a) the thermal expansion is restricted, 
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this lead to the development of thermal stresses and strains. When the beam then is cooled, 

tensile residual stresses will form. If this process is repeated (cyclic thermal loading) cracks 

will initiate and grow each cycle.  

At high temperatures, most metals oxidize, so when the thermal loading and crack growth 

occur in normal atmosphere, the fracture surface will oxidize which, the oxide layer will 

prevent the crack to fully close during reheating. This increases the compressive yielding at 

elevated temperatures[2][3].  

If the thermal expansion of the subject is not restricted and the subject can freely expand, no 

stresses will occur and fatigue will not be present, this can be seen in figure 4 b).    

 

Figure 4. 

 a) Condition where thermal stresses are developed when the expansion is restricted 

 b) Condition where no stresses are developed when the object can freely expand. 

2.1.2 Thermo-Mechanical Fatigue 

Thermo-mechanical fatigue (TMF) is a damage mechanism that combines cyclic loading in 

form of thermal and stress. TMF can be more severe than fatigue during isothermal conditions 

since there are more failure mechanisms to consider compared to normal fatigue.  The three 

different failure mechanisms that can be present in TMF are: 

I. Fatigue  

II. Creep 

III. Oxidation  

In one of the most common and accurate damage models, called Damage accumulation model, 

the number of cycles until failure is described by equation (2).   

1

𝑁𝑓
=

1

𝑁𝑓
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 +

1

𝑁𝑓
𝑓𝑎𝑡𝑖𝑔𝑢𝑒 +

1

𝑁𝑓
𝑐𝑟𝑒𝑒𝑝 (2) 

Which failure mechanism is the dominating one depend on if the cycling is in phase or out of 

phase. 
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Figure 5. Show the graphical difference between: 

a) In-Phase  

b) Out-of-Phase  

In-Phase 

In in-phase TMF the load and temperature are increased at the same time, this means 

maximum temperature and strain happens at the same time, this can be seen in figure 5(a). 

The combination of an increase in temperature and load at the same time will lead to ideal 

conditions for creep. For in-phase thermo-mechanical fatigue, the dominating failure 

mechanism is creep-induced intergranular cracking. The combination of elevated temperature 

and high stress is ideal conditions for creep [4] [5].  

There have been many proposed mechanisms with the aim to explain creep-induced damage 

and fatigue: 

I. Coalescence of intergranular voids ahead of an advancing the crack 

II. A greater crack tip plastic zone, resulting from the summation of the plastic zones of voids 

ahead of crack  

III. Grain boundary sliding initiating wedge-type cracks at grain boundaries. 

IV. Grain boundaries acting as weak paths for flow localization and crack growth. 

V. The modification of the crack tip strain fields in the absence of cavities  

[4]        

 
Out-of-Phase 
 
Out-of-phase thermo-mechanical fatigue is obtained when the increase in load and 
temperature is out-of-phase, meaning that the material is experiencing maximum strain at the 
lowest temperature, this can be seen in figure 5(b). For out-of-phase thermo-mechanical 
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fatigue, the dominating failure mechanisms are fatigue and oxidation. The most severe damage 
for out-of-phase TMF occur due to a combination of oxidation and fatigue, in this case, the 
dominating damage mechanism is crack nucleation and crack growth[4] [5].  
 
There are some proposed damage mechanisms proposed for the oxidation damage: 
 
I. Enhanced crack nucleation and crack growth by brittle surface oxide scale cracking. 
 
II. Grain boundary oxidation which results in intergranular cracking 

III. Preferential oxidation of second-phase particles 

[4] 

Oxidation damages the surface of the material and is very brittle. Due to the brittle nature of 

the oxide, cracks initiate. As the loading cycle continues the crack propagates and a new, clean 

fracture surface is exposed. This newly exposed fracture surface rapidly oxidizes, which further 

weakens the material[4][5].  

In cases where the mechanical loading gives stress differences that are much larger than the 

thermal stress differences, failure will occur by fatigue alone. In this case, the structure will fail 

before oxidation will have any effect on the fatigue lifetime [4].     

2.1.2.3 Damage Models  

Thermo-mechanical fatigue is not fully understood, so many different models have been 

developed with the aim to explain TMF. There are two different categories these models can 

belong to, constitutive and phenomenological. 

Constitutive models use what is currently known about the different failure mechanisms and 

microstructure of the material. 

Phenomenological models are developed on observations of the material behavior.  

Here 3 different models will be described. The more accurate models are also more complex 

and difficult to use due to the high number of variables and material parameters needed. Many 

of these parameters need extensive testing to be determined [4][6].   

Damage accumulation model  

This is a constitutive model where the damage from the different failure mechanisms are added 

together according to equation (3). 

𝐷𝑡𝑜𝑡 = 𝐷𝑓𝑎𝑡𝑖𝑔𝑢𝑒 + 𝐷𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 + 𝐷𝑐𝑟𝑒𝑒𝑝(3) 

Depending on the conditions, phase, temperature and strain, all three failure mechanisms can 

be active to a various degree. When linear damage is assumed, equation (3) can be expressed 

in terms of cycle lifetime, this expression was previously shown in equation (2) 

In these two equations, D and 𝑁𝑓  are the damage and lifetime for each damage mechanism. 

This is a very advanced damage model, the advantage with this model is that it takes all three 

damage mechanisms into account as well as it is one of the most accurate, the disadvantage 

with this model is that it is very complicated and need many different material parameters 

that are experimentally acquired [4] [8]. 
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Fatigue damage term 

The strain is on the material is what determines the influence of the fatigue term. The fatigue 
term is calculated for isothermal conditions by the strain-life equation, described by equation 
(4). 
 

 
∆ 𝑚𝑒𝑐ℎ

2
=

𝜎𝑓
′

𝐸
(2𝑁𝑓)𝑏 + 휀𝑓

′ (2𝑁𝑓)𝑐 (4) 

In this expression E is Young’s modulus,  ∆휀𝑚𝑒𝑐ℎ is the strain amplitude and 휀𝑓
′ , 𝜎𝑓

′,b and c are 

experimentally determined material parameters [4] [8].  
 
Oxidation damage term  
 
The equation describing the oxidation damage term assuming that the crack is initiating in an 
oxidized zone. Temperature and cycle time are the main influencing factors on the oxidation. 

1

𝑁𝑓
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 = [

ℎ𝑐𝑟𝛿0

𝐵Ф𝑜𝑥𝐾𝑝
𝑒𝑓𝑓]

1/𝛽
2(∆ 𝑚𝑒𝑐ℎ)

2
𝛽

+1

̇ 1−𝛼/𝛽  (5) 

Where 𝛽, 𝛿0, B, ℎ𝑐𝑟 and 𝛼 are material parameters, 𝐾𝑝
𝑒𝑓𝑓

 is the effective oxidation constant, 휀̇ is 

the strain rate and Ф𝑜𝑥 the oxidation pasting factor [4][8]. 
 
Creep damage term  
If the TMF cycle is in-phase the creep damage has a very large influence on the total damage, 
the damage term can be seen in equation (6). 
 

𝐷𝑐𝑟𝑒𝑒𝑝 = Ф𝑐𝑟𝑒𝑒𝑝 ∫ 𝐴𝑒(−∆𝐻/𝑅𝑇)[(𝛼1𝜎 + 𝛼2𝜎𝐻)/𝐾]𝑚𝑡𝑐

0
(6) 

Where A and m are material parameters, 𝜎𝐻 is the hydrostatic stress, 𝜎 is the equivalent stress, 
K is the drag stress, 𝛼1 and 𝛼2 are scaling factors and Ф𝑐𝑟𝑒𝑒𝑝  is the creep phasing factor, the 
most creep damage occurs when Ф𝑐𝑟𝑒𝑒𝑝 = 1, this is the case for in-phase TMF [4] [8].      
 
Frequency Separation Mode 
 
Frequency separation model was developed to deal with very complex wave shapes. This model 
takes the effect of cyclic frequency upon creep into account when calculating the fatigue 
lifetime. A modified version of the Coffin-Mason law is used to calculate the lifetime, equation 
(7).  
 

𝑁𝑓 = 𝐶∆휀𝑖𝑛
𝛽

ѵ𝑡
𝑚(ѵ𝑐/ѵ𝑡)𝑘 (7) 

Where k, m, c and 𝛽 are material parameters, ∆휀𝑖𝑛 is the inelastic strain-rate, ѵ𝑡  is the tension-
going frequency, ѵ𝑐 is the reciprocals of the tension-going frequency and ѵ𝑐/ѵ𝑡 is the cycle-
time unbalance. A disadvantage of this model is that it does not take oxidation into account 
[6]. 
 
Strain-rate Partition Model 
 
This is a phenomenological damage model used to describe TMF. This model is based upon 
inelastic strains and ignores elastic strains. This model is developed to explain to the time-
dependent cyclic stress-strain behavior that is developed for high-temperature low-cycle 
fatigue. The inelastic strain is divided into four possible combinations: 
 
I.     PP- Tensile plasticity reversed by compressive plasticity 
 
II.   CC-Tensile creep reversed by compressive creep  
 
III.  PC- Tensile plasticity reversed by compressive creep 
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IV.  CP- Tensile creep reversed by compressive plasticity  
 
The total lifetime can be calculated by using equation (8) 
 

1

𝑁𝑓
=

𝐹𝑝𝑝

𝐹𝑝𝑝
′ +

𝐹𝑐𝑐

𝐹𝑐𝑐
′ +

𝐹𝑝𝑐

𝐹𝑝𝑐
′ +

𝐹𝑐𝑝

𝐹𝑐𝑝
′   (8) 

 
F is the strain rate fractions, which are calculated by equation (9) -(13) 
 

𝐹𝑝𝑝 = ∆휀𝑝𝑝/∆휀𝑖𝑛     (9) 

∆휀𝑝𝑝 = 𝐴𝑝𝑝(𝑁𝑝𝑝)
𝐶𝑝𝑝

 (10) 

∆휀𝑐𝑐 = 𝐴𝑐𝑐(𝑁𝑐𝑐)𝐶𝑐𝑐  (11) 

∆휀𝑐𝑝 = 𝐴𝑐𝑝(𝑁𝑐𝑝)
𝐶𝑐𝑝

 (12) 

∆휀𝑝𝑐 = 𝐴𝑝𝑐(𝑁𝑝𝑐)
𝐶𝑝𝑐

 (13) 

Where A and C are material properties [6].  

The damage accumulation model is one of the most accurate models describing TMF, but it is 
very complicated and requires several material properties that only can be found through 
extensive testing. 
 
The strain-rate partition model is not as complex which makes it a lot easier to use. This model 

is an oversimplification since it does not take oxidation into account, this means for the results 

to be accurate the tests need to be conducted in a vacuum or an inert atmosphere.  Since the 

model only takes inelastic strain into account, this model does not work or give inaccurate 

results when low plastic strains are obtained, this may be the case of brittle materials.  

Frequency separation model is an accurate model but becomes more complex for more 

temperatures of interest, each temperature of interest adds four more constants that need to 

be determined by more tests. This mode does not take oxidation into account, so this is also an 

oversimplification.   

2.2 Constitutive Theories  
At elevated temperatures, most materials exhibit time-dependent deformation. The material 

may experience deformation even at constant loads. This type of mechanism is known as creep.  

Time-dependent deformation may also occur at high strain rate loading, this effect is known 

as viscoplasticity and sometimes viscoplasticity includes creep [9].      

2.2.1 Creep 

At elevated temperatures, diffusion of atoms and vacancies causes microscopic shape changes. 

These shape changes can be described as inelastic strains. Dislocation climb is caused by 

vacancy movement through the crystal lattice, this means that the diffusion of vacancies causes 

dislocation climb that enables passage of obstacles.  This dislocation movement is time-

dependent and causes inelastic strains. Since the diffusion is time- and temperature dependent 

the creep strain is as well. 
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The creep rate can be modeled by a power law called Norton’s creep law and can be seen in 

equation (14) 

휀̇𝑐 = 𝑍𝜎𝑛 (14) 

Where Z and n are material parameters, 휀̇𝑐 is the creep rate and 𝜎 is the applied stress 

[9].   

2.2.2 Hardening  
In many cases, the material is assumed to show perfect plasticity behavior, but generally, this 

assumption is not very accurate and the concept of hardening and softening need to be 

introduced. When considering a one-dimensional stress-strain curve a material will be 

elastically deformed until yield is achieved and the material starts to harden.  

 

Figure 6. a) illustration for the concept of hardening compared to perfectly-plastic material 

behavior.  

 b) illustration of the concept of softening [9]. 

The hardening of a material is described by the hardening rule that can be seen in equation 

(15)  

𝑓(𝜎𝑖𝑗, 𝐾𝑖) = 0 (15) 

Where 𝐾𝑖 is one or more hardening parameters. When Yield initiates the hardening petameter 

is 0, equation (15) take the form of 

𝑓(𝜎𝑖𝑗, 0) = 𝑓(𝜎𝑖𝑗) = 0   (16) 

In softening the yield surface will start to decrease at a certain point in the stress-strain 

diagram with can be seen in figure 2b) [9] [10]. 

2.2.3 Isotropic Hardening   
In isotropic hardening, the compressive yield strength increases the same way as the tensile 

yield stress. For isotropic hardening the yield surface expands but remain the same shape, this 

can be seen in figure 6a).  

Equation (17) show the yield function described by equation (15) and (16) for isotropic 

hardening. 

𝑓(𝜎𝑖𝑗, 𝐾𝑖) = 𝑓0(𝜎𝑖𝑗) − 𝐾 = 0  (17) 
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Where K is the isotropic hardening parameter, the size of the yield surface changes as the 

isotropic hardening parameter changes. 

Isotropic hardening is most of the time explained by using von Mises yield surface which gives 

the circular shape that can be seen in figure 2a). The initial yield for Von Mises yield surface is 

seen in equation (18).  

𝑓0 =
1

√2
√(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 − 𝑌 = √3𝐽2 − 𝑌 (18) 

Where  𝜎1, 𝜎2 and 𝜎3 are the principal stresses and Y is the yield stress in uniaxial tension and 

𝐽2 is given by equation (19). 

𝐽2 = √
3

2
𝑆𝑖𝑗𝑆𝑖𝑗  (19) 

Inserting equation (19) in (18), give the hardening function for isotropic hardening.  

𝑓(𝜎𝑖𝑗, 𝐾𝑖) = √3𝐽2 − 𝑌 − 𝐾 = 0 (20) 

 Equation (20) describes isotropic hardening according to von Mises Yield surface in the stress 

space [10] [11].  

 

Figure 6. Isotropic hardening increases the size of the yield surface. 

2.2.4 Kinematic Hardening 

Isotropic hardening does not account for different phenomena’s where hardening in tension 

leads to softening in compression, like the Bauschinger effect. In kinematic hardening, the 

shape and size of the yield surface are unaffected, but the yield surface is moved in the stress-

space, this can be seen in figure 7.  

For kinematic hardening, the elastic range 2𝜎𝑠 and plastic yield in compression are obtained 

for stresses 𝜎 = 𝜎𝑓 − 2𝜎𝑠.  

The yield function described by equation (15) is now described by equation (21). 

𝑓(𝜎𝑖𝑗, 𝐾𝑖) = 𝑓0(𝜎𝑖𝑗 − 𝑋𝑖) = 0 (21) 

Were 𝑋𝑖 is a hardening parameter that introduced to the yield condition in order to describe 

kinematic hardening. This parameter is called the back-stress tensor.  
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The back stress is what moves the yield surface in the stress space, this can be seen in figure 3 

[10] [11]. 

 

 

Figure 7. For kinematic hardening the yield surface is moved in the stress space by the back 

stress-tensor.  

2.2.5 Combined hardening  
Isotropic and kinematic hardening are two extreme cases, generally, a combination is needed 

to describe the cyclic hardening and softening behavior of a material.  To describe combined 

hardening the yield function will be a combination of equation 17 and 21, the yield function for 

combined hardening is described by equation 22 [10] [12].  

𝑓(𝜎𝑖𝑗, 𝐾𝑖) = 𝑓0(𝜎𝑖𝑗 − 𝑋𝑖) − 𝐾 (22) 

2.2.6 Viscoplasticity 

Viscoplasticity describes the rate-dependent inelastic behavior of solid. For small strains and 

temperatures, the stress-strain behavior can be described with plasticity models. At larger 

strains, yield stress increases with strain rate. The total strain consists of two terms, one for 

elastic strain and one for plastic strain, this can be seen in equation (23). 

휀
~

= 휀
~

𝑒 + 휀
~

𝑝 (23) 

Here the plastic strain is defined by the normality rule that can be seen in equation (24). 

휀
~

̇𝑝 = �̇�
𝜕𝑓

𝜕𝜎
~

= �̇�𝒏
~

(24) 

Were �̇� is the strain rate multiplier. By using Hook’s law for linear elasticity, the stress tensor 

can be described by equation (25).  

𝜎
~

= 𝐸 (휀
~

− 휀
~

𝑝) (25) 

The yield criterion is defined by equation (26), this is the same equation as for combined 

hardening, equation (22), but in tensor form. 

𝑓 = ‖𝜎
~

− 𝑿
~

‖
𝐻

− 𝑘 ≤ 0(26) 
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In the region for rate-independent plasticity, an elastic domain is needed. This is obtained 

when 𝑓 ≥ 0. For defining viscoplastic behavior, the previously described plasticity is 

generalized by introducing a viscoplastic potential 𝛺(𝑓). The stress surpasses the elastic 

domain when over stress is obtained: 𝜎𝑣 =  𝑓 > 0. 

For viscoplasticity the normality rule looks different, the normality rule for viscoplasticity can 

be seen in equation (27). 

휀
~

̇𝑝 =
𝜕𝛺(𝑓)

𝜕𝜎
~

=
𝜕𝛺

𝜕𝑓

𝜕𝑓

𝜕𝜎
~

= �̇�𝒏
~

(27) 

Here the strain rate multiplier is replaced by the accumulated plastic strain (�̇�), which is given 

by �̇� = ‖휀
~

̇𝑝‖. Now the yield criteria are given by equation (28). 

𝑓 = ‖𝜎
~

− 𝑿
~

‖ − 𝑅 − 𝑘  (28) 

The stress tensor can be broken down according to the equation (29) 

𝜎
~

= 𝑿
~

+ (𝑅 + 𝑘 + 𝜎𝑣(�̇�))𝒏
~

 (29) 

Every stress state can be broken down into this form [13]. 

2.3 Material 
The material plays a major role in the damage and lifetime of a component exposed to TMF. 

There are many material models proposed for modeling the material behavior of TMF.  

2.3.1 Material Model  

There are many material models developed to describe the material behavior when modeling 

TMF. Four commonly used are elastoplastic model with kinematic hardening, two-layer 

viscoplastic model, Chaboche unified viscoplastic material model and Sehitoglu viscoplastic 

model. All four models have advantages and disadvantages [14]. 

I. Elastoplastic model  

The advantages to this model are that it is already available in ABAQUS, it is easy 

to use and have quick calculation times. The disadvantage of this model is that it is 

not the most accurate when modeling TMF (time-dependent deformation is not 

incorporated) [13]. 

 

II. Two-layer viscoplastic model  

The advantages to this model are that it is already available in ABAQUS, it is more 

accurate compared to the elastoplastic model when modeling TMF. The 

disadvantages to this model are that it is not as quick in calculation time and 

requires advanced material properties [13]. 

 

III. Chaboche and Seitoglu models  

The main advantage of these two models is that they are the most accurate 

compared to the elastoplastic and tow-layer viscoplastic models. The disadvantages 

to these two models are that they are not available in ABAQUS and needs to be 

implemented using Umat (user-defined material) and they have many advanced 

material properties [13]. 
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The goal in this work was to use a viscoplastic material model which incorporates temperature 

dependent isotropic and kinematic hardening as well as creep.  The Chaboche unified 

viscoplasticity model satisfied these criteria.     

  

Chaboche unified viscoplasticity model 

The Chaboche unified viscoplasticity model is an advanced material model suitable for use in 

high temperature, the model also accounts for both isotropic and kinematic hardening. The 

model uses Norton’s creep law to describe the creep of the material.   

The elastic properties of the material are described by Hook’s law, this equation has already 

been shown in equation 25. The flow function, 𝑓, described by equation 28 is used to determine 

if plastic strain is achieved. If the flow function is negative, 𝑓 < 0, the material is only 

experiencing elastic strain, if 𝑓 = 0 the material will experience plastic strains [15].      

Equation 30 is used to define the Chaboche unified viscoplastic material model. 

휀̇𝑝 = �̇�𝒏 = 〈
𝑓

𝐷
〉𝑛 𝑠𝑔𝑛(𝜎 − 𝑿)    (30) 

Were �̇� is the accumulative plastic strain D and n is viscoplastic material parameters and the 

sgn function is described by equation (31). 

𝑠𝑔𝑛(𝑥) = {
1 𝑥 > 0
0 𝑥 = 0

−1 𝑥 < 0
 𝑎𝑛𝑑 〈𝑥〉 = {

𝑥 𝑥 > 0
0 𝑥 ≤ 0

 (31) 

The accumulative plastic strain is described by equation (32). 

�̇� = |휀�̇�| = 〈
‖𝜎−𝑿‖−𝑅−𝑘

𝐷
〉𝑛  (32) 

The stress-tensor is then described by equation (33) 

𝜎 = 𝑿 + (𝑅 + 𝑘 + 𝜎𝑣)𝑠𝑔𝑛(𝜎 − 𝑿)  (33) 

Where 𝑿 is the back-stress tensor which is given by equation (34) and (35), R is the isotropic 

hardening parameter given by equation (36) and 𝜎𝑣 is given by Noton’s creep law seen in 

equation (37) 

�̇�𝑖 = 𝐶𝑖(𝑎𝑖휀�̇� − 𝑿𝑖�̇�) (34) 

𝑿 = 𝑿𝟏 + 𝑿𝟐(35) 

�̇� = 𝑏(𝑄 − 𝑅)�̇� (36) 

𝜎𝑣 =
1

𝑍
�̇�1/𝑛 (37) 

Equation (37) is a rewritten version of equation (14) to express the stress and equation (33) is 

a rewritten version of equation (29) [15][16].  
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2.3.2 Fatigue 

Fatigue is the most common cause of failure. The American iron and steel institute (AISI) 
defines fatigue as “The process of permanent, progressive and localized structural change 
which occurs to a material point subjected to strains and stresses of variable which produces 
cracks which lead to total failure after a certain number of cycles” [17]. 
 
Fatigue is not a failure mechanism that behaves according to the classical ideas of plasticity 

and deformation mechanism. Failure can occur during loading conditions below the plastic 

limit of the material. Fatigue needs to be considered during the engineering process since 

failure due to fatigue can be very dangerous since they are unpredictable and may not give any 

indication of that failure will occur, like visible plastic deformation [16].     

 

 

Figure 8. The different regions of fatigue controlled by the number of cycles [17]. 

The fatigue process can be divided into three different regions, these regions are shown in 

figure 8. 

Region I- Here the first type of structural changes take place. An increase in dislocation 

density is obtained, micro-cracks initiates and a pore growth can be seen.   

Region II- Here the micro- and macro-cracks are joint together, this forms a visible crack. 

Region III- The crack obtained in region II grows each loading cycle until failure occurs. 

Region I and II are what is knowns as crack initiation and region III is known as crack 

propagations or crack growth [17].   

 

2.3.3 Cyclic Material Response  

A material exposed to cyclic loading may experience both localized plastic and elastic strains. The 

total damage is the sum from the elastic and plastic damage and the lifetime for a specimen is 

calculated by equation (38). 
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∆ 𝑇

2
=

∆ 𝑒

2
+

∆ 𝑝

2
=

𝜎𝑓
′

𝐸
(2𝑁𝑓)𝑏 + 휀𝑓

′ (2𝑁𝑓)𝑐 (38) 

Were ∆휀𝑒 and ∆휀𝑝is the elastic and plastic strain amplitude, 𝑁𝑓  is the lifetime, 𝐸 is Young’s 

modulus and 𝜎𝑓
′, b, c and 휀𝑓

′  is experimentally determined fatigue properties. This is the same 

equation that is used in the damage accumulation model for TMF. When a specimen is exposed 

to cyclic loading a hysteresis plot can be mad over the stress-strain. This hysteresis plot is used 

to determine ∆휀𝑇, ∆휀𝑒 and ∆휀𝑝, the different strain amplitude can be seen in the hysteresis plot 

in figure 9 [17].  

 

Figure 9. A stress-strain hysteresis and show how the different stain amplitudes are 

defined.  

2.3.4 High Cycle fatigue  
When a specimen is exposed to a cyclic load and the strain is mainly elastic, the specimen is 

subjected to high cycle fatigue (HCF). This means that the elastic part of equation (38) is the 

dominating term, this means that equation (38) can be simplified to equation (39). 

∆

2
=

𝜎𝑓
′

𝐸
(2𝑁𝑓)𝑏 (39) 

For components subjected to HCF, ductile materials are the most suitable. When HCF is 

achieved, the lifetime of the material can be assumed to be long [18]. 

2.3.5 Low Cycle Fatigue  
When the strain is instead mostly plastic, the specimen is subjected to low cycle fatigue (LCF). 

This means the dominating term in equation (38). So, when conducting LCF calculations 

equation (40) can be approximated to: 

∆

2
= 휀𝑓

′ (2𝑁𝑓)𝑐   (40) 

For structures exposed to LCF, strong materials are the most suitable. LCF is more severe 

than HCF and the lifetime will be much shorter [18].   
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2.3.6 Creep deformation  

Creep is a phenomenon that is defined as time-dependent deformation 
𝜕

𝜕𝑡
≠ 0. This means even 

at constant loads, deformation occurs. All solid materials that are used today have are prone 

to some creep deformation. Although, this can most of the time be ignored since the creep 

deformation is not significant enough during normal loading conditions. However, at elevated 

temperatures creep deformation can become a severe problem.   

If some or all the time-dependent deformation is reversed when the specimen is unloaded, 

viscoelastic behavior is obtained. If instead the deformation remains after unloading, 

viscoplastic behavior is obtained. The total creep strain can be divided into three different 

terms, elastic, viscoelastic and viscoplastic: 

휀𝑐 = 휀𝑒 + 휀𝑣𝑒 + 휀𝑣𝑝 (41) 

In the case of metals and ceramics, whether creep deformation is needed to be considered is 

dependent on the combination of operating temperature 𝑇0 and the specimens melting 

temperature 𝑇𝑚. For crystalline metals, the creep deformation is usually insignificant and do 

not need to be considered until the operating temperature is above 0.3𝑇𝑚. Since ceramics have 

strong directional bindings, the creep deformation is not needed to be considered until the 

operating temperature is above 0.4 − 0.5𝑇𝑚. 

Metals: 𝑇𝑜 > 0.3𝑇𝑚 (42) 

Ceramics:𝑇𝑜 > 0.4 − 0.5𝑇𝑚 (43) 

For ceramics and metals, at low temperatures, equation 41 is dominated by the elastic term. 

For high temperatures, the creep strain is dominated by the elastic and viscoplastic term. In 

some rare cases, a small viscoelastic term may arise due to energy loss during hysteretic 

anelastic damping of vibrations for certain metals and alloys, although in most cases it is not 

needed to take the viscoelastic into account [18]. 

Creep deformation is often described as a function over time, at isothermal conditions and with 

a constant load or stress.  This function can be plotted in a typical creep curve, which can be 

seen in figure 10. 
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Figure 10. A typical creep curve where the three stages of creep can be seen. 

In figure 10 it can be seen how the creep strain increases over time until failure occurs, during 

this time the creeps is divided into three different stages:  

I. transient creep- in this stage, the material shows a transient response, where the strain 

rate decreases over time until it reaches a minimum value. When this minimum value is 

achieved, the second stage of creep is active.   

II. steady-state creep- This stage is the largest portion of the creep deformation, the strain 

rate is constant and at a minimum value. 

III. Tertiary creep- after the steady-state, during the third stage of creep, the strain-rate 

increases until failure occurs.   

There are many different mechanisms proposed to be responsible for creep deformation. The 

mechanisms include: 

• Bulk Diffusion (Nabarro-herring creep)- This type of creep is dominated by 

vacancies moving along the grain boundaries. According to Nabarro and Herring, creep 

that occurs for low stresses at elevated temperatures the creep is controlled by stress-

directed atomic diffusion. The vacancies will move along a gradient from grain 

boundaries that are exposed to tensile stress towards grain boundaries exposed to 

compressive forces, meanwhile, atoms are moving in the opposite direction, this causes 

the elongation of the grains and deformation of the component.  

• Boundary Diffusion (Coble creep)- This type of creep is also a form of diffusional 

creep, here the atoms diffuse along the grain boundaries. Coble creep is very sensitive 

to the grain size, which means this type of creep is common in materials that have a 

fine grain size.   

• Dislocation Glide- For dislocation glide to be present, high stresses and moderately 

high temperatures are needed. The creep deformation is caused by edge dislocations 

climbing away from dislocation barriers  
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For a specific material, the deformation mechanism that is active can be determined by looking 

in a creep mechanism map. A typical creep deformation map for Tungsten can be seen in figure 

11.    

 

Figure 11. A creep mechanism map for tungsten. 

By looking in a creep mechanism map for a certain temperature and stress, the active creep 

mechanism can be determined.   

2.3.7 Oxidation 

Oxidation is a chemical process that occurs on the surface of a metal when it is exposed to an 

oxygen-rich environment. The atoms in the bulk of the material are stronger bound together 

than the atoms on the surface, this will increase surface reactivity and the atoms at the surface 

will react with the oxygen in the air, this forms a brittle oxide layer on the top of the surface, 

this can be seen in figure 12 [19] [20].  

 

 

Figure 12. The different layers of a metal, I is the oxide layer, II is the top layer of the metal 

and III is the bulk material. 

The reaction rate between the top layer and the oxygen increases as the temperature 

increases.  Electrons in the surface layer of the metal are transferred to the oxygen atoms. 
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When the oxygen atom gains an electron, the atom becomes a negative ion. The newly formed 

ion penetrates the metal which causes the oxide layer to grow. The oxide layer may grow thick 

enough to form a protective layer that separates the metal from the oxygen, the metal 

becomes passive, if the oxide layer is damaged or new metal surfaces are created by 

cracks/crack growth the oxidation will continue [21].    

2.4 CFD flow theory  

2.4.1 Mach number 
The Mach number is a dimensionless number describing the relation of a moving object and 

the speed of sound in the medium the object is moving through. The Mach number is described 

by equation (44) 

𝑀 =
𝑢

𝑐
 (44) 

In this expression M is the Mach number, c is the speed of sound and u is the speed of the 

moving object.  

There are 4 different Mach regimes that can be active depending on what Mach number is 

achieved: 

I. Subsonic- The Mach number is below 1, which means the object moves below the speed of 

sound.  

II. Transonic- The Mach number is 1, which means the object is moving very close to the 

speed of sound. The local speed on some places on the object is above the speed of sound.  

III. Supersonic- The Mach number is above 1. 

IV. Hypersonic- The Mach number is above 5. 

When an object is moving through a gas or liquid the molecules are disturbed and move around 

the object. When the object is moving in subsonic conditions the density of the gas/liquid is 

unchanged. At transonic condition or above, some of the energy is used for compressing the 

gas/liquid [22].      

2.4.2 Navier-Stokes equations  
The Navier-Stokes equations describe the flow of a gas or liquid. To describe the flow three 

different equations are used, one for the conservation of mass, one for the momentum and one 

for the energy of the fluid. The Navier-Stokes equations can be written for compressible and 

incompressible flow. By using the equations for compressive flows, all flows can be modeled. 

The equation used for describing the conservation of mass can be seen in equation (45) 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗) = 0 (45) 

The momentum equation can be seen in equation (46). 

𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑓𝑖 (46) 

Finally, the energy equation for compressible flow can be seen in equation (47): 
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𝜕

𝜕𝑡
(𝜌𝐸) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝐸) = −

𝜕

𝜕𝑥𝑗
(𝑝𝑢𝑗) +

𝜕

𝜕𝑥𝑗
(𝜎𝑖𝑗𝑢𝑖) −

𝜕𝑞𝑗

𝜕𝑥𝑗
+ 𝜌𝑓𝑖𝑢𝑖 (47) 

In equation (45-48) 𝑢 is the velocity, 𝑝 the pressure, 𝑓𝑖 represents the external body force, 𝑡 is 

the time, 𝜎𝑖𝑗 is the viscous stress tensor, 𝐸 = 𝑒 +
1

2
𝑢𝑖𝑢𝑗 is the total energy and 𝑞𝑗 is the heat flux 

[24].   

2.4.3 Reynolds averaged Navier-Stokes   
Reynolds averaged Navier-Stokes (RANS), is a way to describe turbulent flow. The RANS 

equations can give time-averaged solutions to the Navier-Stokes equations. The RANS 

equations are derived by using the Reynolds decomposition on the Navier-Stokes equations. 

The Reynolds decomposition can be seen in equation (48) 

𝑓(𝑥, 𝑦, 𝑧, 𝑡) = 𝑓̅(𝑥, 𝑦, 𝑧) + 𝑓′(𝑥, 𝑦, 𝑧, 𝑡) (48) 

As it can be seen in equation (49) the Reynolds decomposition divides quantities into two 

terms, a mean (𝑓)̅ and a fluctuating (𝑓′) term. Although this equation only works on 

incompressible fluids, if the fluids instead are compressible, Favre averaging is done on the 

equations, the Favre equations can be seen in equation (49)-(51) 

𝑓(𝑥, 𝑦, 𝑧, 𝑡) = 𝑓(𝑥, 𝑦, 𝑧) + 𝑓′′(𝑥, 𝑦, 𝑧, 𝑡) (49) 

𝑓 =
𝜌𝑓̅̅ ̅̅

�̅�
  (50) 

𝜌𝑓′′̅̅ ̅̅ ̅ = 0 (51) 

In these three equations, 𝑓 is the Favre averaged velocity, 𝜌𝑓̅̅̅̅  is the mean mass-flow and �̅� is 

the mean density. By using equation (45)-(47) the Navier-Stokes equation introduced in 

section 2.4.2 for steady-state conditions the RANS equations take the following shape [24]: 

𝜕

𝜕𝑥𝑗
(�̅��̂�𝑗) = 0 (52) 

𝜕

𝜕𝑥𝑗
(�̅��̂�𝑖�̂�𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕�̅�𝑖𝑗

𝜕𝑥𝑗
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
 (53) 

𝜕

𝜕𝑥𝑗
(�̅��̂�𝑗�̂�) =

𝜕

𝜕𝑥𝑗
(�̅�𝑖𝑗�̂�𝑖 + 𝜎𝑖𝑗𝑢𝑖

′′̅̅ ̅̅ ̅̅ ̅) −
𝜕

𝜕𝑥𝑗
(�̅�𝑗 + 𝑐𝑝𝜌𝑢𝑗

′′𝑇′′̅̅ ̅̅ ̅̅ ̅̅ ̅ + �̅��̂�𝑖𝜏𝑖𝑗 +
1

2
𝜌𝑢𝑖

′′𝑢𝑖
′′𝑢𝑗

′′̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) (54) 

�̂� = �̂� +
�̅�

�̅�
 (55) 

 

3 Method 

3.1 Exhaust Manifold Body 
The exhaust manifold geometry was provided by AVL. The 3D CAD part used in the flow 

simulation was a .stl file and for ABAQUS it was a .stp file.  

3.2 Simulation loop 
To get accurate results, the simulation procedure is done in multiple steps, first, a flow 

simulation is conducted to determine the convection heat transfer coefficient (HTC) and the 
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near wall temperature. These results will be used as boundary conditions in the finite element 

analysis (FEA). The boundary conations are applied and a steady-state heat transfer analysis 

to obtain the temperature of the exhaust manifold which will be used as a reference 

temperature and boundary condition in a second flow simulation where HTC and near wall 

temperature again is determined which will be used in a transient heat transfer analysis. The 

temperature distribution obtained in the transient heat transfer analysis will be used as the 

thermal load in the Stress/strain FEA. A simple workflow of the simulation loop can be seen in 

figure 13.  

 

Figure 13. The workflow of the simulation loop. 

3.3 CFD Flow simulations  
To obtain the needed thermal boundary condition for the FEA analysis a CFD analysis was 

needed. The goal with the CFD analysis is to determine the convection heat transfer coefficients 

(HTC) and local gas temperatures which will be used as boundary conditions for the FEA 

analysis.  

3.3.1 Physical model 
A 3D CAD model was imported into the program AVL Fire M which represented the air flow 

domain in the exhaust manifold.  The part was meshed using polyhedral elements (polymesh), 

a dummy part representing the meshed air flow in the exhaust manifold and a close-up view of 

the polymesh elements can be seen in figure 14.  

 

Figure 14 a) Meshed dummy part representing the airflow in the manifold used for the CFD 

simulations 

 b) Close-up view of the polyhedral elements used in the CFD simulations. 
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The Mach number of the flow in an exhaust manifold is usually around 0.3 − 1.2. The flow is 

subsonic when the engine is at idle speed and transonic at rated speed. To describe this 

behavior accurately the flow is modeled as a compressible fluid. To make sure the complete 

engine cycle was taken into account, the flow was set to be crank angle dependent and each 

calculation step correspond to one crank angle. The simulation was set to run three engine 

cycles, crank angle=1-2160. The flow is modeled as fully turbulent, which is accurate during 

normal conditions for an engine.          

3.3.2 Mathematical model 
The physical behavior previously discussed can be described by the compressible form of 

Navier-Stokes set of equations which is described in section 2.4.2. RANS is used to describe 

the turbulence. 

3.3.3 Boundary conditions  
The boundary conditions at the inlet and outlet used in the CFD simulations were provided by 

AVL, the boundary conditions were obtained from a 1D thermodynamic simulation. 

On the inlets, mass flow and temperature were assigned. How the inlet boundary condition 

varies depending on the crank angle behavior can be seen in figure 15. 

 

 

Figure 15. The mass flow and temperature boundary conditions at the inlet. 

A) The mass flow. 

B) The temperature. 

A wall boundary condition was also assigned. Depending on which flow simulation in the 

simulation loop different wall temperatures where assigned. In the first flow simulation, a 

predefined temperature was used as wall temperature, and in the second the result from 

steady-state heat transfer analysis.  
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Table 2: The temperature used for the wall temperature in the different loops of the flow 

simulation. 

Loop [n] Temperature [°C] 

First  830 

Second 759 

3.4 Steady-State Heat Transfer  
A steady-state calculation is needed to obtain a wall temperature which will be used as a 

boundary condition in the second loop flow simulation. The steady-state simulation is done in 

both Fire M and ABAQUS so the results from the two simulations can be compared.     

3.4.1 Fire M 
A 3D CAD model 0f the exhaust manifold was imported to Fire M. The three parts were 

combined into one solid part and was then meshed using polymesh, the meshed part can be 

seen in figure 16.  

 

Figure 16. The meshed 3D dummy part representing the exhaust manifold used for the 

Steady-State heat transfer analysis 

Since a steady-state heat transfer analysis was conducted the RUNMODE was set to steady. In 

the steady-state analysis, generic steel was used as a material and the parameters used can be 

seen in Appendix I in table 1.    

The boundary condition is applied on the internal and external wall of the exhaust manifold. 

The external boundary conditions represent the convection and radiation to the surroundings. 

The internal boundary condition represents the convection and radiation from the exhaust 

flow through the exhaust manifold.  The averaged value of the HTC and near wall temperature 

was applied on the inside. On the outside 50 
𝑊

𝑚2𝐾
 was set as HTC which is normal for air and 

the temperature was set to room temperature. How the boundary conditions were applied can 

be seen in figure 17. 
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Figure 17. The surfaces on where the boundary conditions were applied. 

A) The internal boundary condition. 

B) The external boundary condition. 

The boundary conditions used is the averaged result from the first loop flow simulation and 

can be seen in Table 3. 

Table 3: The boundary conditions used in the Steady-state heat transfer analysis. 

Boundary condition: Internal External  
HTC 459.6 

𝑊

𝑚2𝐾
 50

𝑊

𝑚2𝐾
 

Wall temperature  766.35°𝐶 - 

Surrounding temperature  - 20°𝐶 
Radiation - 0.2 

 

3.4.2 ABAQUS  
Since the result from Fire M and ABAQUS is going to be compared it is important that the two 

models were as similar as possible. The boundary conditions presented in Table 3 was also 

used in ABAQUS and applied to the same surfaces, these surfaces can be seen in figure 18. The 

material steel(GENERIC) was also implemented into ABAQUS from AVL Fire M.     
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Figure 18. The application of boundary conditions on the exhaust manifold, the red 

represents the inside and blue the outside boundary condition.  

Since the part used in Fire M was one solid, this had to be represented in ABAQUS, this was 

done by applying tied constraints between the parts, the tied constraint can be seen in figure 

19. 

 

Figure 19. The interaction between the different parts of the exhaust manifold.   

The part was mesh using low order tetrahedral elements (DC3D4). 

3.5 Transient Heat Transfer  
The transient heat transfer analysis was conducted in ABAQUS. The 3D CAD model was 

imported to ABAQUS, the desired material was assigned to the part which was then meshed. 

The part was meshed using low order tetrahedral elements (DC3D4) these elements were used 

for both steady-state and transient heat transfer analysis.  

 The boundary conditions used in the transient heat transfer analysis is the result obtained in 

the second loop from the flow simulation HTC and wall temperature). The boundary 

conditions were imported for both rated and motored conditions. Two amplitudes where 
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defined for the thermal load which was assigned to the boundary conditions, one of the 

amplitudes were assigned to the rated boundary condition and the second amplitude was 

assigned to the motored boundary condition, the two amplitudes can be seen in figure 20. The 

thermal load cycle can be seen in figure 21.    

 

Figure 20. The two amplitudes used, the orange is for the motored and the blue is for the 

rated engine conditions. 

 

Figure 21. The thermal load cycle used in ABAQUS for the transient heat transfer analysis.  

The warm period in figure 21 represent the rated engine condition and the cold period 

represent the motored engine condition. The transient heat transfer analysis is run over 4 load 

cycles. For the initial conditions room temperature was used, so a predefined temperature field 

was assigned to the part with a temperature of 20°𝐶.     
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3.6 Stress-strain analysis 
 The stress-strain analysis was conducted in ABAQUS. The same CAD- geometry as in the heat 

transfer simulations was imported to ABAQUS, for the stress-strain analysis the part was 

meshed using higher order tetrahedral elements with improved stress visualization (C3D10I).  

3.6.1 Material Model 
To model the advanced viscoplastic material model a module called Zmat is used. The problem 

was that AVL only has access to the material parameters needed for two different materials, 

which is currently used for exhaust manifolds. To obtain the needed material properties time-

consuming and difficult experiments must be conducted, which is out of this thesis scope, so 

some assumptions and simplification had to be made.  

It was determined that with the available material properties, an elastoplastic material model 

with kinematic hardening was going to be used, even if this is not the most accurate option 

[13]. The material properties used in this model were: thermal conductivity, density, Young’s 

modulus, poison’s ratio, expansion coefficient, yield stress, kinematic hardening parameters 

and the specific heat. All parameters used was temperature dependent. 

3.6.2 Thermal load 
The thermal load used in the stress-strain analysis was the nodal temperature obtained in the 

transient heat transfer. The result file (.odb) from the transient heat transfer analysis was 

imported to the stress-strain analysis and applied as a predefined field.  

3.6.3 Boundary Conditions  
The mechanical boundary conditions used represented the bolt and contact between the inlets 

of the exhaust manifold and the cylinder head which the manifold is attached to. The inlet 

flanges were fixed in in the bolt holes and the outlet flange where allowed to move freely move 

in all directions. The surfaces were the boundary conditions were applied is showed in figure 

22.  

 

Figure 22 The surfaces where the mechanical boundary conditions were applied 

representing the bolts to the engine head.  
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3.6.4 Interactions  
To get the model to behave in the correct way, interactions were applied between the three 

parts, see figure 23. 

 

Figure 23. The interactions applied between the parts of the exhaust manifold. 

In the interactions the physical properties needed to describe the behavior between the parts 

was assigned, the properties used was the coefficient of friction between the parts and the 

thermal conductivity.  

 

3.6.5 Fatigue life calculation  

To calculate the fatigue lifetime (𝑁𝑓) for the exhaust manifold, two different methods will be 

used. The first method is to use a rewritten version of equation (38) that describes the cyclic 

behavior of a material. The rewritten version can be seen in equation (57). 

𝑁𝑓 = (
∆ 𝑝

2 𝑓
′ )

1/𝑐

(56) 

 To use equation (57) all the material properties for fatigue is needed. These parameters were 

not available for all materials, so a second method was needed. AVL has a model to determine 

if a material will fail due to fatigue. For the AVL approach the material needs to meet the 

following criteria: 

• 0.5% of ∆PEEQ in the third cycle 

• 2% of PEEQ at the end of the third cycle 

If both of these criteria are fulfilled, the material will not fail due to fatigue.  

Both methods will be used, the AVL approach will be used for all materials and the lifetime will 

be calculated for those materials where the material parameters are available  
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3.7 Benchmarking 
This section describes how the comparison between the two software’s was performed as well 

as the comparison between the TMF model used in this thesis and the approach currently used 

at AVL.     

3.7.1 Steady-state simulation  
The comparison between the two software’s, ABAQUS and Fire M, was done by comparing the 

results from a steady-state heat transfer analysis conducted in both software’s. To get 

comparable results, the same material and boundary condition was used. The materials used 

was a default material in Fire M called steel (GENERIC). The same material was also imported 

to ABAQUS. The acceptable deviation in results was not allowed to differ more than 10 °𝐶. The 

temperature distribution in the exhaust manifold had to be the same. Since the goal was to see 

if Fire M was a suitable software to use instead of ABAQUS, it was assumed that the result 

provided by the simulations conducted in ABAQUS are accurate. The material properties for 

steel (GENERIC) can be seen in Appendix I.      

3.7.2 TMF model  
To compare the TMF models, the computing time for both models will be compared and the 

lifetime for the structure. Since the material properties for XNiCr20-2 needed to calculate the 

lifetime were not available, the results for XNISICR-35-5-2 was used instead. The deformation 

and stresses from a critical area in the exhaust manifold will also be analyzed and compared.    

3.8 Material Selection  
Only materials available in the AVL material database was analyzed in this work. The materials 

available/Tested can be seen in table 4. 

Table 4: Here the materials available in the AVL material database can be seen that have 

the material properties needed for the material model used in ABAQUS, the closest 

equivalent material in CES Edupack is listed. 

Material name in CES Edupack 

AISI 1015 

GJS 400 18 

GJS 500 7 

GJS 600 3 

XNiSiCr-35-5-2 

Inconel 601 

YS355 

AISI 316L 

AISI 304 

XNiCr20-2 
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3.8.1 Material index 
In this section, the material index for the three damage mechanisms will be derived. 

3.8.1.1 Fatigue  

To determine the material index for fatigue the objective function and constraint functions 

needed to be determined. The objective function is to minimize the mass of the exhaust 

manifold since the weight on cars and trucks are the main factor determining the fuel 

consumption and thereby the amount of exhaust gases that are emitted to the atmosphere. By 

lowering the weight of the exhaust manifold and other engine components, the engine will be 

lighter and by that, the overall weight of the car will be lower. So, the objective function for the 

mass is described in equation (57). 

𝑚 = 𝜌 ∗ 𝐿 ∗ 𝐴 (57) 

Where 𝜌 is the density, L is the length and A is the area of the object.  

The first constraint used was that the structure should not fail by LCF. In section 2.3.5 it was 

determined that the strength is the main controlling material property for LCF. This gives the 

constraint function that is described by equation (58). 

𝐹

𝐴
≤ 𝜎𝑒(58) 

Where F is the force applied to the object, A is the area and 𝜎𝑒 is the fatigue endurance 

limit/fatigue strength.  

By combining equation (57) and (58) a new objective function is obtained which is described 

by equation (59) 

𝑚 = (𝐹)(𝐿)(
𝜌

𝜎𝑒
) (59) 

The first material index for fatigue can be derived from equation 37. In equation (59), (F) is the 

functional component, (L) is the geometry component and (
𝜌

𝜎𝑒
) is the material component. The 

material component is used to determine the material index, the first material index related to 

fatigue can be seen in equation (60). 

𝑀1𝑓 =
𝜎𝑒

𝜌⁄  (60) 

The material index is supposed to be maximized. 

The stiffness is also limiting factor for fatigue, so a material index will be determined with 

stiffness as a constraint as well. When using the stiffness as a constraint for the same tie, the 

constraint function is described by equation (61). 

𝐹

𝛿
=

𝐸𝐴

𝐿
> 𝑆 (61) 

Equation (61) is combined with the objective function described by equation (57) and the new 

objective function can be seen in equation (62). 

𝑚 = (𝑆)(𝐿)(
𝜌

𝐸
) (62) 
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From equation (62) the second material index related to fatigue can be derived, the second 

material index can be seen in equation (63). 

𝑀2𝑓 =
𝐸

𝜌
 (63) 

If a crack occurs due to fatigue, it is desirable to limit the crack propagation. To limit the crack 

propagation, a third material index is derived with the fracture toughness (𝐾𝐼𝐶) as a constraint, 

the constraint function can be seen in equation (64). 

𝐾𝐼𝐶 = 𝜎√𝜋𝑐 =
𝐹

𝐴
√𝜋𝑐  (64) 

Where c is a very small crack. 

By combining equation (64) and (57) the objective function related to crack growth is obtained, 

this objective function can be seen in equation (65). 

𝑚 = (𝐿)(𝐹√𝜋𝑐)(
𝜌

𝐾𝐼𝐶
) (65) 

The objective function gives the material index for crack propagation and can be seen in 

equation (66). 

𝑀1𝑓𝑡 =
𝐾𝐼𝐶

𝜌
 (66) 

Finally, a material index will be determined for the thermal stress, since the cyclic thermal 

stress is what will lead to fatigue. The thermal stress can be described by equation (68), this is 

now the constraint function.  

𝐹

𝐴
= 𝜎 = 𝐸𝛼∆𝑇 (68) 

Where E is Young’s modulus, 𝛼 is the thermal expansion coefficient and ∆𝑇 is the temperature 

gradient ∆𝑇 = 𝑇2 − 𝑇1. Equation (68) is combined with equation (57), this gives us the 

following objective function: 

𝑚 = (𝐿)(
𝐹

∆𝑇
)(

𝜌

𝐸𝛼
) (69) 

The final material index is derived from equation (69) and can be seen in equation (70). 

𝑀1𝑡ℎ =
𝐸𝛼

𝜌
 (70) 

All material indexes should be maximized.  

 

 

3.8.2.2 Creep 

It has been determined that the melting temperature of the material is the only material 

property controlling creep and creep activation, this in combination with equation (21) it is 

known that an increase in melting temperature gives increased creep resistance and activation 

temperature. This leads to that the material index takes the form according to equation (71). 
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𝑀1𝑐 = 𝑇𝑚  (71) 

There are two options for creep, it can either be treated as an attribute limit, where the selected 

materials need to be above 0.4𝑇𝑚 or materials can be selected by using the material index in 

equation (71). 

In this case, the operating temperature is higher than 0.4𝑇𝑚 for most metals so the material 

index needs to be used. The material index should be maximized.  

3.2.2.3 Oxidation  

Every material in the group of materials determined by the previous material indexes will be 

evaluated by using CES Edupack. Under the durability section in CES Edupack the materials 

oxidation is graded in 4 different grades: unacceptable, limited use, acceptable and excellent. 

The materials graded below excellent will be eliminated, this can be done because no existing 

material models used in FEA take oxidation into account and by only using materials graded 

excellent makes the material model more accurate. CES Edupacks definition of the different 

grades can be seen in table 5. 

Table 5: The definition of the different oxidation grades from CES Edupack.  

Grade Definition  
Unacceptable  Do not use in unprotected conditions  
Limited use Not recommended, may be suitable for 

short-term applications 
Acceptable  May require additional protection  
Excellent  No degradation in material performance 

expected after long-term exposure  
    

3.8.2 CES Edupack 
To perform a material selection using the available materials a stage was created in CES 

Edupack containing the materials. A material chart for each material index is created using the 

previously created stage. The material chart for equation (39) can be seen in figure 24.  



34 
 

 

Figure 24. A material chart for fatigue strength vs density.  

A line is then created for each material index, since all the material index is to the power of 1, 

the slope for each line is 1. When the line is implemented to the material chart and moved 

further up along the y-axis, the marital that is the last to remain above the line is the best 

material for that material index, the best material for fatigue strength compared to density can 

be seen in figure 25. 

 

Figure 25. The material chart for fatigue strength vs density, the material with the highest 

fatigue strength compared to density is Inconel 601. 
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3.8.3 Weighting of Material Indexes 
Since the CES Edupack material charts only give the best materials for the specific material 

index used, the material indexes are weighted and combined to obtain the material that best 

fit the overall material parameters. This is done by first calculating the material indexes for 

each material and then calculating the weighted material index, this is done by equation (72). 

𝑊𝑖 = 𝑤𝑖
𝑀𝑖

𝑀𝑖,𝑚𝑎𝑥
 (72) 

Where 𝑊𝑖 is the weighted material index, 𝑤𝑖 is the weighting factor, 𝑀𝑖 is the material index 

and 𝑀𝑖,𝑚𝑎𝑥 is the material index with the highest value. The weighting factors must follow the 

following conditions: 

𝑤𝑖 < 1 

∑ 𝑤𝑖 = 1 

The weighting factors used can be seen in table 6. 

Table 6: The weighting factors used for each material index  

Material index Weighting factor [𝑤𝑖] 
𝑀1𝑓 (Fatigue strength) 0.25 

𝑀2𝑓 (Stiffness) 0.125 

𝑀1𝑓𝑡 (Crack propagation) 0.25 

𝑀1𝑡ℎ (Thermal stress) 0.125 

𝑀1𝑐 (Creep) 0.25 

  

When all the weighted material indexes are calculated, the material with the highest value of 

𝑊 is the material most suitable for use under the given conditions, W is calculated with 

equation (73). 

𝑊 = ∑ 𝑊𝑖 (73) 

4 Results  

4.1 Material Selection  
Here the results from the material index analysis and CES Edupack is presented.  

4.1.1 CES Edupack 
In this section, the results from material selection process using CES Edupack is presented. 

The result from each material index are presented and the materials are ranked from best (1) 

to worst (10). 
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Table 7: The result obtained as the best materials when looking at fatigue strength compared 

to density, the material index can be seen in equation (60).     

Rank Material [CES Edupack] 
1 Inconel 601 
2 GJS-600-3 
3 AISI 316L 
4 GJS-500-7 
5 AISI 304 
6 XNiCr20-2(Reference material) 
7 XNiSiCr35-5-2 
8 AISI 1015 
9 YS355 
10 GSJ-400-18 

 

Table 8: The result obtained as the best materials when looking at the material index for 

stiffness that can be seen in equation (63). 

Rank Material [CES Edupack] 
1 YS 355 
2 ASIS 1015 
3 Inconel 601 
4 AISI 316L 
5 AISI 304 
6 GJS-600-3 
7 GJS-500-7  
8 GJS-400-18 
9 XNiCr20-2(Reference material) 
10 XNiSiCr35-5-2 

 

Table 9: The result obtained as the best materials for the material index for crack 

propagation that can be seen in equation (66) 

Rank Material [CES Edupack] 
1 Inconel 601 
2 AISI 316L 
3 AISI 304 
4 ASIS 1015 
5 YS355 
6 GJS-400-18 
7 GJS-500-7 
8 GJS-600-3 
9 XNiCr20-2(Reference material) 
10 XNiSiCr35-5-2 
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Table 10: The result obtained as the best materials for the material index for thermal stress 

that can be seen in equation (70) 

Rank Material [CES Edupack] 
1 AISI 316L 
2 AISI 304 
3 Inconel 601 
4 YS355 
5 AISI 1015 
6 GJS-600-3 
7 GJS-500-7 
8 XNiCr20-2(Reference material) 
9  GJS-400-3 
10 XNiSiCr35-5-2 

 

Table 11: The result obtained as the best materials for the material index for creep that can 

be seen in equation (71) 

Rank Material [CES Edupack] 
1 ASIS 1015 
2 YS 355 
3 AISI 304 
4 AISI 316L 
5 Inconel 601 
6 XNiSiCr35-5-2 
7 XNiCr20-2(Reference material) 
8 GJS-500-7 
9 GJS-600-3 
10 GJS-400-18 

 

 

4.1.2 Oxidation 
In this section, the oxidation rating is presented for each material and the materials that are 

left after the elimination of the materials that don’t meet the requirements for oxidation.  

Table 12: The oxidation rating of the different materials. 

Material  Oxidation  
AISI 1015 Acceptable  
GJS 400 18 Acceptable 
GJS 500 7 Acceptable 
GJS 600 3 Acceptable 
 XNiSiCr-35-5-2 Excellent  
Inconel 601 Excellent  
YS355 Acceptable 
AISI 316L Excellent 
AISI 304 Excellent 
XNiCr20-2 (Reference material) Excellent 
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Table 13: The materials remaining after the elimination of materials.  

Name in CES Edupack  Oxidation  
 XNiSiCr-35-5-2 Excellent  
Inconel 601 Excellent  
AISI 316L Excellent  
AISI 304 Excellent  
XNiCr20-2 Excellent  

 

4.1.3 Weight of material indexes  
In this section the result from the weighting of the material indexes are presented, the 

materials weighted is the once in table 13.  

Table 14: The result for the weighted material index, the table show that Inconel 601 is the 

most suitable material to use for thermos-mechanical fatigue and the reference material is 

the worst.  

Material  
𝑀1𝑓 

  

𝑀2𝑓 

  

𝑀1𝑓𝑡 

  

𝑀1𝑡ℎ 

  

𝑀1𝑐 

  

𝑊1 

  

𝑊2 

 

𝑊3 

  

𝑊4 

  

𝑊5 

  

𝑊 

  
 XNiSiCr-
35-5-2 0.032 0.014 0.003 0.169 1255 0.187 0.007 0.029 0.05 0.22 0.493 

Inconel 601 
0.043 0.025 0.03 0.354 1335 0.25 0.013 0.25 0.105 0.234 0.852 

AISI 316L 
0.035 0.025 0.008 0.409 1390 0.203 0.013 0.067 0.122 0.244 0.648 

AISI 304 
0.03 0.025 0.008 0.42 1425 0.176 0.012 0.067 0.125 0.25 0.63 

XNiCr20-2 
(Reference 
material) 0.027 0.016 0.004 0.29 1255 0.157 0.008 0.033 0.086 0.22 0.505 

 

4.2 Steady-State Heat Transfer 
In this section the results from the steady state FEAs conducted in ABAQUS and Fire M is 

presented, the result presented in this section is used for the software comparison between Fire 

M and ABAQUS.  In figure 26 the results at the hot areas of the manifold are shown for both 

software’s.  
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Figure 26. The temperature distribution given by the steady-state heat transfer (hot areas), 

units are in Celsius (°𝐶): 

A) AVL Fire M 

B) ABAQUS 

In figure 27 the temperature distribution of the cold areas can be seen for both software’s.  

 

Figure 27. The temperature distribution given by the steady-state heat transfer (cold 

areas), units are in Celsius (°𝐶): 

A) AVL Fire M 

B) ABAQUS 
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4.3 Transient Heat Transfer 
In this section, the results obtained in the transient heat transfer simulations are presented for 

both the reference material and the materials from the material selection part.    

4.3.1 Reference material  
In this section, the nodal temperature from the transient heat transfer analysis for the 

reference material is presented. The outer surface temperature for one node can be seen in 

figure 28. The temperature variation for each node is imported as the thermal load to the 

stress-strain analysis.     

 

Figure 28. The nodal temperature of a node on the surface close to the outlet. 

4.3.2 Tested materials  
Only the results for Inconel 601 will be presented in this section, for the results for the 

remaining materials, see Appendix II.  The nodal temperature of the same node used in figure 

26 but for Inconel 601 can be seen in figure 29. 
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Figure 29. Nodal temperature of a node close to the outlet for Inconel 601.  

 

4.4 FEA 
In this section, the results from the stress-strain analysis will be presented as well as the results 

from the lifetime calculations. These results will be used for the material selection and 

benchmarking between the TMF model developed in this work and the TMF model used today 

at AVL.   

4.4.1 Stress-Strain Analysis 
Reference material 

The stress distribution over the critical area in the exhaust manifold when using XNiCr20-2 

can be seen in figure 30.    
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Figure 30. The stress distribution in a critical area, von Mises, for XNiCr20-2. The critical 

area is marked in the figure. 

A hysteresis plot can be seen in figure 31 as well as the total strain amplitude. 

 

   

Figure 31. Hysteresis plot and the strain amplitude used to calculate the lifetime of 

XNiCR20-2.  

In figure 32 the total strain amplitude can be seen more easily, this will be used for the LCF 

lifetime calculations for XNiCr20-2. 

∆𝜺 
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Figure 32. Total strain amplitude over all 4 cycles. 

In figure 33 the equivalent plastic strain can be seen over all 4 cycles, data from this graph will 

be used to evaluate the lifetime using the AVL approach.  

∆𝜺 
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Figure 33. The equivalent plastic strain (PEEQ) over all 4 cycles.   

Since all the results are normalized by the result from the reference material, all results showed 

for the reference material will be 1. The strain-rate was 1, the maximum von Mises stress 

obtained the critical area was 1 and the maximum principal stress was 1. 

Test Materials  

Here the stress distribution, max von Mises stress, max principal stress and the strain 

amplitude will be presented for the materials determined by the material selection process. 

The same data as for the reference material will be presented. For all the graphs presented for 

the reference material, see appendix II. 

The stress distribution over the exhaust manifold when using the materials determined from 

the material selection can be seen in figure 34. 
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Figure 34. Von Mises stress distribution over the critical area at the end of the 4th cycle for: 

 a) Inconel 601  

b) AISI 316L 

 c) XNISICR-35-5-2 

 d) AISI304  

All result data for all tested materials can be seen in table 15.  

Table 15: The maximum von Mises stress, principal and the strain amplitude for all the tested 

material in the critical area.  

Material  Von Mises stress [-] Principal stress [-] Strain amplitude 
Inconel 601 0.775 0.654 0.582 
AISI 316L 0.698 0.423 1.02 
XNISICR-35-5-2 1.050 1.114 0.386 
AISI304  0.377 0.306 1.018 

 

4.4.2 Lifetime calculations 
In this section, the lifetime calculation/evaluation described in section 3.6.5 will be presented. 

In Table 16 the results from the AVL approach is be presented and in table 17 the results from 

the lifetime calculations are presented for the materials where the needed parameters are 

available   
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Table 16: The lifetime evaluation using the AVL approach for each material, the materials 

are listed in the order of most suitable for use to the least suitable.  

Material ∆PEEQ in the 
third cycle 

Less than 2% 
PEEQ at the 
end of the 
third cycle 

Fulfill both of 
AVL criteria’s  

Suitable for LCF 

Inconel 601 0.362% => ok No No No 
AISI 316l 0.322% => ok No No No 
AISI 304 1.44%  No No No 
XNiCi20-2 1.3%  No No No 
XNiSiCr-35-5-2 0.422% => ok 1.97% => ok Yes Yes 

 

Table 17: The lifetime calculated for the two materials with the fatigue parameters available 

in the AVL material database 

Material Lifetime [number of cycles] Suitable for LCF 
AISI 316L 191285 Yes 
XNiSiCr-35-5-2 42631 Yes 

 

Table 16 and 17 show different results when looking at LCF, this is due to the two different 

methods of determining the lifetime. 

4.5 FEA Full model 
In this section, the same results as for the reduced model will be presented but for the full 

model currently used at AVL, the results from the stress-strain analysis will be presented as 

well as the result from lifetime calculations. These results will be used in the TMF model 

benchmarking.  

4.5.1 Stress-Strain Analysis 
Tested materials   

Here the stress distribution, max von Mises stress, max principal stress and the strain 

amplitude will be presented for all the materials.  

The stress distribution over the critical area can be seen in figure 35. 
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Figure 35. Von Mises stress distribution over the critical area at the end of the 4th cycle for: 

 a) Inconel 601  

b) AISI 316L 

 c) XNISICR-35-5-2 

 d) AISI304 

Table 18: The maximum von Mises stress, principal and the strain amplitude for all the 

tested material in the critical area.  

Material  Von Mises stress 
[MPa] 

Principal stress 
[MPa] 

Strain amplitude 

Inconel 601 0.635 0.619 0.323 
AISI 316L 0.485 0.291 0.475 
XNISICR-35-5-2 0.767 0.615 0.243 
AISI304  0.303 0.191 0.667 
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4.5.2 Lifetime calculations 
 

Table 19: The lifetime evaluation using the AVL approach for each material, the materials 

are listed in the order of most suitable for use to the least suitable.  

Material ∆PEEQ in the 
third cycle 

Less than 2% 
of PEEQ at 
the end of the 
third cycle 

Fulfill both of 
AVL criteria’s  

Suitable for LCF 

Inconel 601 0.036% => ok Yes Yes Yes 
AISI 316l 0.32%=> ok Yes Yes Yes 
AISI 304 1.23% No No No 
XNiSiCr-35-5-2 0.014% =>ok Yes Yes Yes 

 

Table 20: The lifetime calculated for the two materials with the fatigue parameters available 

in the AVL material database 

Material Lifetime [number of cycles] Suitable for LCF 
AISI 316L 725392 Yes 
XNiSiCr-35-5-2 74442 Yes 

 

 

4.6 Benchmarking   

4.6.1 Steady-state heat transfer 
By comparing the results from AVL Fire M and ABAQUS the temperature distribution is almost 

identical, except for one area. Where the parts of the exhaust manifold interact, in ABAQUS 

we get a temperature increase in this area and in AVL Fire M the temperature is unchanged, 

this can be seen in figure 36.  

 

Figure 36. Illustration of the problem area.  

The reason for this is the geometry difference between the two models. Since AVL Fire M need 

to be in one part, it can’t have the same complex and extra care needs to be taken when combing 

and meshing the geometry.  

4.6.2 TMF model 
In this section, the comparison between the TMF model currently used at AVL and the model 

conducted in this thesis work is presented. In the benchmarking for the TMF model the 

stresses in the critical area, computing time and lifetime will be used for comparison. Since the 
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material parameters were not available for the reference material, the results for XNiSiCr-35-

5-2 will be used when comparing the models.  

Stresses 

By looking in figure 37 and table 19 the stress difference between the two models are around 

100 MPa.  

  
Figure 37. The stress distribution for XNiSiCr-35-5-2: 

a) The full model  

b) Reduced model 

Table 21: The von Mises and max principal stress for the two models.   

Model: Von Mises [MPa]  Max principal stress [MPa]  
Full Model  0.501 0.439 
Reduced model 0.931 0.804 
Difference  95.94 100.7 

 

Computing time  

The computing time for both models using XNISICR-35-5-2 can be seen in Table 18. The 

computing time for the rest of the materials can be seen in Appendix II and show a similar 

behavior that can be seen in table 22.   

Table 22: Here the computing time for both models is presented 

Model: Computing time [s] Computing time 
AVL Model  907230 10 Days 12 h 0 min and 39 

s 
Thesis model  110269 1 Day 6 h 37 min and 49 s 

 

Note that the results presented in table 18 are not actual run time, but CPU time, so depending 
on the computer used and the number of available CPU’s for the simulations the run time will 
be shorter.  

 

The difference in computing time is 9 days 13 hours 26 minutes and 42,5 seconds, this is a 

significant improvement.   
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Lifetime  

The calculated lifetime for XNICR20-2 using both models can be seen in table 18. 

Table 23: Here the lifetime for both models using XNICR20-2 is presented.  

Model: Lifetime [number of cycles] 

AVL Model  74451 

Thesis model  42631 

     

5 Discussion and Conclusions 

5.1 Finite Element Analysis  
In the results from the lifetime evaluation for the reduced model we can see that the materials 

suggested in the material selection are better in almost every way, by comparing figure 28 to 

figure 33 we can see that the stress-distribution is more favorable in most of the tested 

materials compared to the reference material, we can also the that most of the tested materials 

experience lower total stresses in the critical area. 

Table 15 show that all the tested materials have a lower strain amplitude compared to the 

reference and all tested materials except from XNiSiCr35-5-2 experience lower stresses. 

Since the fatigue material properties were not available for all materials we can’t say that the 

tested materials are better than the reference exposed to TMF, but by looking at table 19 we 

can see that most of the materials tested including the reference material will not fail due to 

LCF. So, we can say that the materials from the material selection are as good if not even better 

than the reference material when exposed to TMF, except from AISI 304 which according to 

the AVL approach for lifetime evaluation will fail due to TMF.  

When looking at the lifetime evaluation for the reduced model, all materials except from 

XNiSiCr35-5-2 will fail due to TMF according to the AVL approach. The reason for this is that 

the reduced model uses very strict boundary condition at the bolts, so the model experience 

very large stresses and strains. In the area where the where the boundary conditions are 

applied, the stresses are so large and unrealistic that these results can’t be used in the analysis, 

this can be seen in figure 38. 
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Figure 38. The high stresses experienced in the area where the boundary conditions are 

applied. 

The stresses and strains in the rest of the manifold are also too large, which is the reason for 

the large difference in results for suitability in LCF use that can be seen in table 16 and 19. 

This is not the case for the lifetime calculations that can be seen in table 17 and 20. This can 

be explained by the difference in evaluation. The AVL approach only uses the plastic strain to 

evaluate the lifetime, which is not entirely accurate. This is a good method for quick 

evaluation since the specimen is said to fail due to LCF when the strain is instead mostly 

plastic. This means that when using the AVL approach the material that experience the 

lowest plastic strain will be the most suitable material. But when calculating the lifetime 

using equation 57, the fatigue material properties are taken into account as well. This is a 

more accurate but more time-consuming process. The most accurate results would be 

achieved when using equation 38.      

However, since the stress distribution in the rest of the reduced model is the same in shape 

and is larger in magnitude than the stresses and strains in the current model, the reduced 

model can still be used to evaluate different materials if the critical areas are known. This can 

also be seen in table 22, the reduced model will ,in this case, fail 31820 cycles before the full 

model.  So, if the material doesn’t fail in the reduced model there will be no problems in the 

full model. Also, if materials are to be evaluated using the model used in this thesis, a second 

version of the AVL approach should be developed that suits the reduced FEA model.     

It would be desirable to have a reduced model that more accurately predict the damage from 

TMF. This could be done by introducing a small plate to represent the cylinder head and then 

using the gasket and bolts in combination with the exhaust manifold, this would much more 

accurately represent the behavior between the exhaust manifold and the cylinder head. This 

would increase the computing time, but by using a small plate and using a coarse mesh the 

computing time would not increase significantly. 
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Using the model with the plate, the modeling time would also increase as well, since 

interactions would be needed between the exhaust manifold, gasket, bolts and plate to get an 

accurate behavior. 

Even if the model would need more time, this might be a tradeoff that is okay to make since it 

would produce much more accurate results. The coarsely meshed plate and the assembly can 

be seen in figure 40.      

 

 

Figure 40.  

a) Plate. 

b) Plate from the side. 

c) Exhaust manifold bolted to plate with the gasket between.  

5.2 Benchmarking 

5.2.1 Steady-state software  
From the results in the steady-state simulations, it can be determined that the results are 

mostly the same except from the areas showed in section 4.7.1. Because of this, I can’t yet 

recommend that AVL Fire M should replace ABAQUS until the software can use different 

meshes in different domains. Since AVL Fire M can’t conduct transient heat transfer analysis, 

ABAQUS is needed in the heat transfer step anyway. When conducting steady-state and 

transient analysis in ABAQUS the same model can be used with minimum changes, this means 

it will probably be more time-consuming to set up one model in ABAQUS and one model in 

AVL Fire M, so I will not recommend using AVL Fire M until the software is capable to perform 

transient simulations. AVL has developed an extensive material library in ABAQUS, all these 

materials would be needed to be manually imported to AVL Fire M and this would be a very 

time-consuming process, although this could be done meanwhile the software is being further 

improved.  

5.2.2 TMF model  
As it was shown in the benchmarking results for the TMF model the stresses in the critical area 

of the reduced model is around 100 MPa higher than for the full model. This in combination 
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with the lifetime evaluation shows that this model can ‘t be used to accurately predict the 

damage caused by TMF.  

The computing time for the reduced model is 1 Day 6 h 37 min and 49 s compared to the 10 

Days 12 h 0 min and 39 s for the full model. This is a significant reduction of computing time. 

Both models using XNiSiCr-35-5-2 will not fail due to LCF although the reduced model fail will 

at a lower number of cycles. This is to be expected due to the increase in the stress magnitude. 

This is not a huge concern when using the model for material selection since this is the worst 

case and if the material will endure the reduced model, there will not be a problem in the full 

model.  

The model can be used as a material evaluation tool since the stress pattern/distribution is the 

same, this can be seen in figure 33, 34 and 36.     

5.3 Material selection 
The material selection conducted using CES Edupack did not include the price and 

machinability of the material, if this was done the result would probably be a lot different since 

Inconel 601 is very expensive compared to the other materials and it is difficult to machine. 

Most exhaust manifolds are casted, and if this was used as a requirement most of the materials 

would be eliminated except from XNICR20-2 and XNiSiCr35-5-2 since the rest of the tested 

materials are not cast irons and not suitable for casting according to CES Edupack. Although 

welded exhaust manifolds are becoming more popular nowadays for exhaust manifolds with 

complex geometries, a welded exhaust manifold can be seen in figure 41. 

 

Figure 41. A welded exhaust manifold.  

 So, the material proposed in this work is the material that is the most suitable for thermo-

mechanical fatigue when minimizing the mass is desirable. 

The fatigue parameters are not alible in CES Edupack so only the fatigue strength can be used 

as a direct correlation to fatigue.  

Some of the materials that were ranked highly in the material selection process did not meet 

the criteria in the TMF simulation and lifetime evaluation. The reason for this is that the 

material selection ranks the materials according to the specific properties (the desired 
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properties divided by the density). This shows that the material selection process is not enough 

alone and needs to be evaluated by some form of simulation or testing         

5.4 Conclusions 
The most suitable material to use for an exhaust manifold is Inconel 601, this material is 

generally lighter and has a longer lifetime than other materials when comparing LCF. The 

model designed in this work might not be the most suitable model when analyzing TMF since 

the model uses an elastoplastic material model and the boundary conditions make the 

structure very stiff, this gives larger deformations and higher stresses. Although the model can 

be used when evaluating different materials to see how the stress distribution will be different 

for the materials. Two alternative workflows are proposed to replace the workflow used today. 

Both workflows will use a simplified TMF model for the material evaluation and then use the 

existing TMF model to do a lifetime evaluation.  

5.4.1 Alternative 1 
In the first alternative, the model used in this thesis will be used. No matter what, a full TMF 

model of the structure using all the parts is needed. In this workflow all the flow simulations 

and heat-transfer analysis will be done as normal and then use a reference material commonly 

used in an exhaust manifold (like the reference material used in this work), a TMF simulation 

will be done as usual and it will be determined where the critical areas in the exhaust manifold 

are. When the critical areas in known the reduced model will be used to evaluate the different 

materials. Finally, when it has been determined what material is going to be used, the full 

model will be used to determine the lifetime. The new workflow can be seen in figure 42. This 

model is useful when many materials need to be evaluated in a short amount of time.     

 

Figure 42. The workflow suggested in alternative 1.  

5.4.2 Alternative 2 
In the second alternative, the reduced model that includes the exhaust manifold, gaskets, 

bolts and a plate will be used. All the flow simulations and heat transfer analysis will be done 

as normal. Since using this model represents the real case a lot more, the reduced model will 

be used right away after the heat transfer analysis to evaluate the different materials. When it 

had been determined what material is going to be used the full model will be used to 

determine the lifetime. The workflow for alternative 2 can be seen in figure 43.    

Flow Simulation 
and Heat Transfer 

Analysis

(Fire M and 
ABAQUS )

Stress/Strain 
Analysis 

(using current 
model and 

refernece material 
in ABAQUS)

Material evaluation 
using reduced 

model 

(ABAQUS)

Stress/Strain 
Analysis 

(using current 
model and new 

material in 
ABAQUS)
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Figure 43. The workflow suggested in alternative 2. 

5.4.3 Advantages and Disadvantages 
The two models and workflows proposed earlier both have advantages and disadvantages when 

being compared to each other.  

Alternative 1 has the advantage that it is the fastest to model and set up as well as it has the 

fastest computing time. The disadvantages of alternative 1 are the inaccuracy and that the full 

model must be run before to determine the critical areas.  

Alternative 2 have the advantage that is a shorter workflow and it is a lot more accurate than 

the model using only the exhaust manifold. The disadvantages are that when using more parts, 

the runtime for the model will increase as well as using a part (the plate) that is not a part of 

the real assembly will lead to an extra part to mesh and an increase in set up time.        

5.5 Future Work        
The next step in this work would be to experimentally determine the material parameters 

needed for a viscoplastic material model and develop a large material database with these 

parameters so simulations could be conducted with more materials using a more accurate 

material model.  

Fatigue tests should also be conducted for the materials, so the fatigue material properties can 

be determined. If the fatigue material properties for each material is available, the lifetime can 

be calculated instead of estimated like it is done currently.  

To decide which alternative workflow should be used alternative 2 needs to be modeled. The 

same benchmarking conducted between the reduced model and the full model in this thesis 

should be conducted between the alternative 2 and the full model, the same comparison should 

also be done between both reduced models.   

  

Flow Simulations and Heat 
Transfer Analysis

(Fire M and ABAQUS)

Material evaluation using 
reduced model 

(ABAQUS)

Stress/Strain Analysis 

(using current model and 
new material in ABAQUS
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Appendix I Material properties  
 

Steel(GENARIC) 

Density: 7770
𝑘𝑔

𝑚3 

Thermal expansion coefficient: 1.12 ∗ 10−5 𝐾−1 

Youngs modulus: 

Temperature [°𝐶] Young’s modulus [𝑁
𝑚𝑚2⁄ ] 

20 218000 
100 213000 
200 207000 
300 199000 
400 190000 
500 181000 
600 168000 

 

Poisson’s ratio: 

Temperature [°𝐶] Poisson’s ratio [-] 

20 0.28 
100 0.28 
200 0.29 
300 0.29 
400 0.3 
500 0.3 
600 0.31 

 

Thermal conductivity: 

Temperature [°𝐶] Thermal conductivity [𝑊
(𝑚 ∙ 𝐾)⁄ ] 

20 0.28 
100 0.28 
200 0.29 
300 0.29 
400 0.3 
500 0.3 
600 0.31 

 

Specific heat: 

Temperature [°𝐶] Thermal conductivity [
𝑘𝐽

(𝑘𝑔 ∙ 𝐾)⁄ ] 

20 0.43 
100 0.5 
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200 0.54 
300 0.58 
400 0.62 
500 0.69 
600 0.78 
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Appendix II Results  
REDUCED MODEL 

XNiSiCr-35-5-2: 

 

Figure 1. The plastic strain. 
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Figure 2. The equivalent plastic strain (PEEQ). 

 
Figure 3. The total strain amplitude. 
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Figure 4. Stress-strain hysteresis plot. 

 

AISI316L 
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Figure 5. The plastic strain rate 

 

Figure 6. The equivalent plastic strain (PEEQ). 
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Figure 7. The total strain amplitude. 

 

Figure 8. Stress-strain hysteresis plot. 
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INCONEL 601 

 
Figure 9. The plastic strain rate 

 
Figure 10. The equivalent plastic strain (PEEQ). 
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Figure 11. The total strain amplitude. 

 

Figure 12. Stress-strain hysteresis plot. 
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AISI 304 

 
Figure 13. The plastic strain rate 
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Figure 14. The equivalent plastic strain (PEEQ). 

  

 

Figure 15. The total strain amplitude. 
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Figure 16. Stress-strain hysteresis plot. 
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Appendix III CES Edupack charts 
 

 

Figure 1. CES Edupack chart for the fatigue strength and density.  

 

Figure 2. CES Edupack chart for young’s modulus and density  
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Figure 3. CES Edupack chart for the fracture toughness and density.   

 
Figure 4. CES Edupack chart for the thermal expansion, Young’s modulus and density. 
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Figure 5. CES Edupack chart for the melting temperature  
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