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Due to the complex geometry and thermos-mechanical loading, 

cylinder heads are the most challenging parts among all parts engines. 

They must endure cyclic thermal and mechanical loading throughout 

their lifetime. Cast aluminum alloys are normally quenched after solution 

treatment process to increase mechanical properties which can create 

high residual stress. Residual stress is one of the dominant elements for 

failure of cylinder heads. The impact of residual stress on the thermal 

stress and low cycle fatigue life (LCF) of cylinder heads was studied. For 

this goal, Solidworks software was used to model the cylinder heads. 

Then the thermo-mechanical analysis was performed to determine the 

temperature and stress field in ANSYS software.  Finally, the fatigue life 

analysis that considers residual stress effect was done. The thermo-

mechanical analysis showed that the maximum temperature and stress 

happen in the valves bridge between the two exhaust valves. The results 

of finite element analysis (FEA) proved that the impact of residual tress 

in LCF is considerable. Thus, residual stress must be investigated in the 

thermo-mechanical fatigue analysis of the cylinder heads. 

Keywords:  

Low cycle fatigue life 

Finite element analysis  

Engines cylinder heads  

Quenching process 

 

 

1. Introduction  

One of the important issues of engines is 

cylinder head fatigue cracks at valve bridge area. 

With the rising demand for output capacity, fuel 

consumption, thermal efficiency, combustion 

temperature and fatigue life make cylinder head to 

be the most serious and complex component for 

vehicle design [1-4]. The cylinder heads withstand 

two type of the fatigue loading. The combustion 

pressure creates mechanical loads, which relates 

to high cycle fatigue (HCF) behavior of the 

cylinder head. The engine on and off, begets 

thermal loads, which relate to the low cycle 

fatigue behavior of the cylinder head [1, 4, 5, 6, 

7]. According to these combined thermo-

mechanical fatigue (TMF), the cylinder head 

material must have some properties such as 

sufficient mechanical strength at high temperature 

to tolerate failure and fatigue cracking. TMF may 

causes to fatigue cracks and failure in cylinder 

head is the limiting element in the conception of 

new engine design [2,35,8]. 

Cast aluminum alloys, such as A356, are widely 

used in engine cylinder heads to decrease the 

weight of engine and improving fuel consumption 

[2, 3, 5, 6, 9, 10]. These parts are often heat 

treated to increase material mechanical properties. 

Heat treatment consist of solution treatment, 

quench and ageing. Residual stresses can happen 

in casting and quenching steps of the 

manufacturing processes. Residual stress in the 

casting step is created by material shrinkage 
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during solidification and the temperature gradient 

[9, 10, 11, 12]. Residual stresses are one of the 

dominant factors affecting fatigue life of 

important cast components such as cylinder head. 

Thus, assessing of residual stress and detection a 

method to decrease it is necessary to increase the 

quality and reliability of cylinder heads [13, 14, 

15]. 

In the literature, previous researches report 

several investigations related to the thermal stress 

analysis and fatigue life in the cylinder heads. 

Ashouri studied fatigue cracks of cylinder heads 

in diesel engines using the two-layer 

viscoplasticity model. His simulation showed that 

valve bridge is serious region [16]. Evaluation of 

viscosity effects on thermo-mechanical analysis 

for cylinder heads was performed by the two-layer 

viscoplasticity model. The obtained finite element 

analysis (FEA) results showed that the viscosity 

strain is more than plastic strain which is not 

negligible [17]. Chen et al. established the 

simulation approach for the fatigue life 

assessment of cylinder heads with integrated 

exhaust manifolds. Their research proved an 

acceptable between experimental and simulation 

results [6]. Thermo-mechanical analysis of a 

coated cylinder heads via the two-layer 

viscoplasticity model was done by Ashouri. His 

study disclosed that thermal barrier coatings 

decrease stress distribution in the cylinder heads 

[18]. A new fatigue life model for copper 

aluminum-silicon alloys was presented by 

Beranger et al. For the critical regions, neglecting 

ageing effect leads to an acceptable between 

experimental and simulation results [19]. 

Satyanarayana et al. used stress analysis to 

optimization the variable compression ratio of 

diesel engines cylinder heads. Their simulation 

showed that the optimum thickness of the part 

body is 15 mm [20]. Failure analysis of the cast 

cylinder heads was performed by Jing et al. Their 

study proved that the failure of the cylinder heads 

is mainly caused by the thermal fatigue [21]. In 

another attempt, Fonte et al. analyzed cracked 

cylinder head studs. Their research revealed that 

the main reason for crack initiation in studs is 

high stress concentration at second thread root of 

the studs [22]. Seifert et al. predicted fatigue life 

of aluminum cylinder heads considering ageing 

effects. Their research proved that ageing plays a 

significant role in the thermo-mechanical fatigue 

[3]. A complete simulation and analysis process 

of cylinder heads TMF was carried out by Zeng et 

al.  The TMF analysis proved that the lowest 

thermo-mechanical fatigue occurs in the intake-

exhaust valve bridge [8]. Wang et al. predicted 

TMF of turbocharged engines cylinder heads. 

Their simulation showed that the location with 

low safety factor and TMF is in accord with the 

cracking location in the experimental tests [5]. 

Assessing TMF of a aluminum cylinder head was 

done by Liu et al. Their research proved that the 

damage due to creep is minimal and can be 

neglected [2]. Pingale et al. developed a finite 

element method and HCF to analysis the failure of 

cylinder heads. Their simulation revealed that the 

difference between experimental and simulation 

results is less than 11% [23]. Fatigue life 

prediction of diesel engines cylinder heads based 

on thermal fluid solid coupling model was done 

by Zhang et al. According to the their research the 

gas pressure and HCF are the dominated factors 

affecting the fatigue life of the engines cylinder 

heads [1]. Ikeda et al. experimentally measured 

the residual stress in aluminum cylinder heads and 

compared with simulated results. There is 

concordance between experimental and calculated 

residual stress [14]. 

In the literature although lots of researches 

focused on thermal stress analysis and fatigue life 

prediction of cylinder heads, there is a lack of 

information in the field of assessing thermal stress 

analysis and fatigue life prediction in cylinder 

heads considering the residual stress. Residual 

stresses have an important role on cylinder heads 

fatigue life. Residual stress leads to reduce the 

strength reliability such as deformation of 

cylinder heads during manufacturing and 

occurrence of cracks [10, 13, 14]. Thus, this paper 

goal is to study the stress analysis and fatigue life 

prediction considering residual stress in engines 

cylinder heads. For this purpose, Solidworks 

software was used to model the cylinder heads. 

Then the thermo-mechanical analysis was done to 

determine the temperature and stress distribution 

in ANSYS Workbench software.  Finally, the 

fatigue life evaluation that considers residual 

stresses effect was performed. 

2. Methodology 

2.1 The material and its behavioral model 

The material used for the cylinder heads is 

aluminum alloy A356.0. Temperature dependent 

stress-strain curves have been taken from 

experimental results of [17]. 

Residual stresses of a heat treated engine 

cylinder head happen from quenching [9, 10, 12, 

14]. During quench, a cylinder head being 

solution treated about 500°C is cooled down to 

room temperature with high cooling rate [10, 12]. 

Water is a popular quench medium which creates 

large residual stresses inside quenched part [10, 
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24, 25]. The thermal strain created by temperature 

changes can be determined as follows [12]: 

𝜀 = 𝛼∆𝑇                                                             (1) 

Where α is the coefficient of thermal expansion 

and ∆T is the temperature difference. Prediction 

of temperature distribution during quenching is 

defined by Fourier's heat equation as below [12]: 

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) = 𝜌𝑐

𝜕𝑇

𝜕𝑡
          (2)  

Where k, ρ and c are the thermal conductivity, 

density and specific heat, respectively. The 

residual stresses is expressed by Hook's relation 

on strain in each direction [15]: 

𝜎𝑥,𝑦,𝑧 =
𝐸

1+𝜐
(𝜀𝑥,𝑦,𝑧 +

𝜐

1−2𝜐
(𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧))       (3) 

Where E is the modulus of elasticity, υ is 

Poisson's ratio, σ is the residual stress in the x, y 

and z principal axes, and ε is the strain in the x, y, 

and z principal axes. A nonlinear isotropic-

kinematic hardening material approach is applied 

in this article.  When the material is yielding the 

relation of yield surface (f), is defined by the 

following expression [26]: 

f=√
3

2
(𝑆 − 𝑋′)(𝑆 − 𝑋′) − 𝑅 − 𝑘 =0                   (4) 

Where S and X' are deviatoric parts of stress 

and back stress tensors respectively, R is isotropic 

hardening variable, and k is the initial size of the 

yield surface. Assessment of back stress tensor as 

follows [26]: 

�̇�𝑖 =
2

3
𝐶𝑖𝜀�̇� − 𝛾𝑖𝑥𝑖�̇� +

1

𝐶𝑖(𝑇)

𝜕𝐶𝑖

𝜕𝑇
𝑋�̇�                     (5) 

Where C and γ are material properties. The term 

γ
i
ṗ, called the dynamic recovery, causes the 

nonlinear response of the stress–strain behavior. 

Overall back stress tensor is a linear combination 

of individual back stress tensors, as below [26]: 

X= ∑ Xi

m

i=1

                                                                    (6) 

Where i is number of back stress tensors. 

Evolution of isotropic hardening variable (R), 

with material constants Q and b is defined by 

relationship: 

 �̇� = 𝑏(𝑄 − 𝑅)�̇�                                                 (7) 

2.2. Models for thermo-mechanical life 
prediction 

For cylinder heads the temperature fluctuations 

arising from on and off engine cycles created by 

start-stop operation and load changes during 

vehicle operation creates the TMF. The fatigue 

life evaluation of TMF loading cases has received 

considerable attention in recent years in cylinder 

heads development [1-5]. 

TMF damage is defined by the classical fatigue 

mechanisms. These include nucleation, initiation 

and propagation due to the strain amplitude. Since 

the cyclic plastic strain is remarkable, strain-life 

approach is used to prediction fatigue life. The 

fatigue life term, Nf is estimated with Coffin-

Manson-Basquin equation as follows [27, 28]: 

∆ε= 
∆εe

2
 +

∆εp

2
=

σf
´

E
(2Nf)

 b +εf
´ (2Nf)

 c               (8)  

Where σf
´ is the fatigue strength coefficient, b is 

the fatigue strength exponent, εf
´ is the fatigue 

strength coefficient and c is the fatigue ductility 

exponent fatigue ductility exponent.  

The stress-strain state has to be fully reversed in 

order to use the Coffin-Manson-Basquin equation 

for fatigue life analysis directly. It has been 

proven that the mean stress level has a significant 

role on fatigue performance. Therefore, the results 

need to be corrected for mean stress effects. There 

are two main strain based approaches used widely 

in engines industry [2, 5, 6, 7], Smith-Watson-

Topper equation and Morrow equation [27, 28]:  

Eεaσn,max
  =(σf

´) 2*(2Nf)
 b+(Eσf

´ εf
´)*(2Nf)

 b+c        (9) 

∆ε= 
∆εe

2
 +

∆εp

2
=

σf
´-σmean

E
(2Nf)

 b  +εf
´ (2Nf)

 c    (10)  

Where εa is the maximum principal strain 

amplitude, σn,max is the maximum normal stress 

acting on maximum principal strain amplitude 

plane.  

 

2.3. The finite element model and material 
properties 

FEA provides accurate and reliable assessment 

of stress and fatigue life results in the cylinder 

heads. Finite element analysis allows engineers to 

detect structural defects at the primary step or to 

understand the root reason of cylinder head 

failures [1,8, 16, 17]. The cylinder heads studied 

in this paper are exhibited in Fig. 1. 

Engines cylinder heads are made of cast 

aluminum alloy (A356.0), with a Young's 

modulus of 70GPa, a Poisson's ratio of 0.33. The 
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four valve seats are made of steel, with a Young's 

modulus of 200GPa and a Poisson's ratio of 0.3 

[16, 17].  

 

 

Figure 1: (a) The cylinder head generated by 

SolidWorks, (b) Finite element model of the cylinder 

head 

3. Results and Discussion 
3.1. Thermal Analysis 

Finite element thermal analysis is to evaluation 

temperature field in the cylinder heads. For 

engines cylinder heads, the main factor of the 

loading is the thermal prediction of the cylinder 

heads in operating engines conditions [3, 5, 7, 16, 

17]. The correct estimation of the temperature 

distribution is the most important step for the 

fatigue life evaluation of the cylinder heads 

[1,3,4,5,7]. Cylinder heads thermal boundary 

conditions consist of the areas of combustion 

chamber, inlet duct, exhaust duct, areas contacting 

oil and areas contacting air [21, 30, 31]. In this 

way, the area of combustion chamber was 

estimated to be 959°C with a convection 

coefficient of 1027W/m2K. The inlet duct was 

defined as 30°C with convection coefficient of 

320W/m2K. The exhaust duct was estimated as 

650°C with convection coefficient of 640W/m2K. 

The areas contacting oil was specified as 60°C 

with a convection coefficient of 150W/m2K. The 

areas contacting air was defined as 30°C with a 

convection coefficient of 60W/m2K [21]. 

The resulting temperature distribution on the 

cylinder heads is given in Fig. 2. Temperature 

distribution has an important impact on the fatigue 

life prediction and the temperature distribution 

shows serious areas. The maximum temperature 

occurs in the bridge region between the exhaust 

valves. This corresponds to the results by [1, 3, 5, 

6, 8, 21, 29, 30, 31]. 

Fig. 3 gives the temperature gradient in the 

exhaust and exhaust-intake valve bridges of the 

cylinder heads. It is obvious that gradient on Path 

1 is greater than that on Path 2. The maximum 

temperature in the valve bridge between the two 

exhaust valves reaches to 206°C, which is within 

the limit of acceptance for aluminum material [8]. 

 

 
Figure 2: The temperature distribution in the cylinder 

head 

 
Figure 3: Temperature gradient in the exhaust and 

exhaust-inlet valve bridges 

3.2. Mechanical analysis 

The cylinder heads bear the mechanical stress 

and withstands the thermal stress caused by the 

temperature fluctuations. Therefore, the analysis 

of thermo-mechanical coupling stress on the 

cylinder heads is essential [1, 2, 3, 5, 6, 8]. The 

loads of the thermo-mechanical coupling stress 

analysis of the engines cylinder heads include gas 

pressure, bolt preload, thermal load calculated 

from thermal analysis and loads caused by press-

fitting of the seat valves [1, 5, 7, 30].  

Import the simulated results of the cylinder 

heads temperature and impose the mechanical 

stress [1, 2, 3, 5, 6, 8, 16, 17, 18]. Then finite 

element calculation is performed and the results 

are investigated. It is assumed that the cylinder 

heads are fixed to the engine blocks, so the all 

degrees of freedom of bolt holes of cylinder heads 

were fully constrained [16, 17 ,18]. The structural 

boundary condition are shown in Fig. 4. Fig. 5 

shows the equivalent stress field at end of second 

step. 
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Figure 4: Structural boundary condition 

 

Figure 5: The Von-Mises stress distribution in the 

cylinder head 

Analysis of the residual stress in the LCF 

cylinder heads is the main focus of this paper. 

Residual stresses play a key effect in the fatigue 

life cylinder heads. Therefore, higher accuracy 

evaluation of the residual stress is needed [10, 13, 

14, 15, 24]. Von-Mises stress distributions are 

exhibited in Figs. 6 and 7 for quench process and 

for quench process plus thermo-mechanical 

loading, respectively. Based on the study by 

Erpolat et al., the maximum value of the residual 

stress in the A356.0 cylinder head is 86.3Mpa. 

Comparing these results, proves a good agreement 

between residual stress analysis and simulated 

results carried out by Erpolat et al. 

 

Figure 6: The Von-Mises stress distribution in the 

cylinder head under quench process (residual stress) 

 
Figure 7: The Von-Mises stress distribution in the 

cylinder head under quench process (residual stress) 

plus thermo-mechanical loading 

It can be seen from Figure 6 that the effect of 

residual tress is considerable. Thus, residual stress 

should be investigated in the FEA of the cylinder 

heads. Thermal plastic strain accumulates in the 

cylinder heads due to cyclic thermal stress, and 

that adversely affects the fatigue life of the 

cylinder heads [2, 3, 16, 17]. The equivalent 

plastic strain field in the cylinder heads is shown 

in Fig. 8. The equivalent plastic strain is larger 

than zero, showing that the material is currently 

yielding. The review of FEA results, it can be 

observed that the stress and plastic strain, which 

have key impact on the fatigue life prediction are 

maximum in the valve bridge between the two 

exhaust valves. This corresponds to the results by 

[2, 3] 

 

Figure 8: The equivalent plastic strain distribution 

 

 

3.3. Low cycle Life prediction 

One of the important issues of engines is 

cylinder head fatigue cracks at valve bridge area 
[1-4, 7, 16, 17, 18]. In cylinder heads, HCF is 

caused by the firing pressure and LCF is caused 

by plastic strain during engine operations. 

Eventually cracks can happen in the valves bridge 

regions. To avoid these failures, TMF should be 

performed to ensure long term cylinder heads 

durability [1, 4, 5, 6, 7, 30, 31]. The fatigue life 

evaluation has been done according to LCF 

3975  [
 D

O
I:

 1
0.

22
06

8/
as

e.
20

22
.6

13
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
ae

.iu
st

.a
c.

ir
 o

n 
20

24
-0

7-
25

 ]
 

                               5 / 9

http://dx.doi.org/10.22068/ase.2022.613
http://ijae.iust.ac.ir/article-1-613-fa.html


Evaluation of quenching  process on low cycle fatigue life for cylinder head 

3972       Automotive Science and Engineering (ASE) 
 

equations, by using the Morrow and SWT 

method. Figs. 9 to 12 shows the number of cycles 

to failure based on Morrow and SWT criterion for 

cylinder heads, also considering the effect of the 

residual stress. 

 
Figure 9: The number of cycles to failure based on 

SWT equation 

 
Figure 10: The number of cycles to failure using SWT 

equation with residual stress 

 

 
Figure 11: The number of cycles to failure based on 

Morrow equation 

 
Figure 12: The number of cycles to failure using 

Morrow equation with residual stress 

As it can be observed from Figs. 9 to 12, the 

number of cycles to failure in the serious regions 

is under 104 or 105 which proves LCF for the 

cylinder heads [27, 28].  The LCF results show 

that the residual stress reduces the fatigue life of 

the engines cylinder heads about 14% and 15% 

based on Morrow and SWT methods, 

respectively. The impact of residual tress in LCF 

is considerable. Thus, residual stress must be 

investigated in the thermo-mechanical fatigue 

analysis of the cylinder heads. Fig. 13 shows the 

failure position of cylinder heads in experimental 

tests. As observed in Figures 7, engines cylinder 

heads which has been cracked in the valve bridge 

between the two exhaust valves. The review of 

Figs. 2-12 proves that results of finite element 

analysis and low cycle fatigue life is corresponded 

with experimental tests performed by researchers, 

and demonstrated the cylinder heads cracked in 

this region. 

 

 

Figure 13: The cracked cylinder head, a[32], b[33] 

 

4. Conclusion 

It is proven that cylinder heads are exposed to 

low cycle fatigue due to the thermo-mechanical 

stresses resulted from repeated start-up stop-down 

cycles of the engines and must be studied via 

finite element analysis [1, 4, 5, 6, 7]. The 

objective of this article is to evaluate the effect of 

the residual stress on the LCF of cylinder heads 

using Morrow and SWT strain life equations. The 

thermo-mechanical analysis showed that the 

maximum temperature and stress happen in the 

valves bridge between the two exhaust valves. 

The results of the FEA correspond with 

experimental tests performed by researchers, and 
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demonstrated the cylinder heads cracked in this 

region. The numerical results showed that the 

impact of residual tress in LCF is considerable. 

Thus, residual stress must be investigated in the 

thermo-mechanical fatigue analysis of the 

cylinder heads. Better understanding of engines 

cylinder heads fatigue life can improve the 

development process of a new engine concerning 

computer aided engineering as well as mechanical 

testing efficiency. 
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