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The cylinder head is a fundamental and challenging part of an engine, in which
the thermo-mechanical stresses due to fatigue effectively contribute to its damage and
reduction of its fatigue life. This study investigated the effect of viscous behavior on
the thermomechanical fatigue life of a cylinder head using the Sehitoglu model, with
the finite element method employed for the analysis. The ABAQUS software was also
used to predict temperatures, stresses, and thermomechanical fatigue life using the
Sehitoglu model and the FEMFAT software. Moreover, a two-layer viscoplasticity
model was employed to account for the cylinder head’s viscous behavior. Low-cycle
fatigue tests were carried out at various temperatures to characterize the viscous and
mechanical behavior of the aluminum-silicon-magnesium alloy. The finite element
analysis suggested that the maximum temperature of 308°C and the maximum stress of
136 MPa occurred at the valve bridge. The fatigue life analysis revealed that neglecting
viscous behavior led to a 657-cycle (8.9%) overestimation of fatigue life, emphasizing
the importance of incorporating viscous behavior into the thermo-mechanical fatigue
life analysis.

1. Introduction

Nowadays, internal combustion engines are among the substantial components
of the advanced industries. Currently, the main goal of automotive companies is
to design and manufacture more powerful engines with lower fuel consumption,
emissions, and weight [1, 2]. As a crucial engine part, the cylinder head is exposed
to combustion gases, lubricating, and cooling fluids [3, 4]. With its complex ge-
ometry, this component is subjected to oscillating thermal and mechanical loads,
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highlighting the significance of its material. The cylinder head material must pos-
sess sufficient thermal and mechanical strength to tolerate the thermomechanical
stresses of combustion pressure and gas heat, underscoring the necessity of its
thermomechanical analysis and fatigue life prediction [5, 6].

The literature reports several studies related to cylinder head stress analysis and
fatigue life. A study by Ashouri et al. on cylinder head cracks using the two-layer
viscoplasticity model showed that the bridge between intake and exhaust valves of
the cylinder head are subjected to low-cycle fatigue [7]. In another study on the
impact of thermal barrier coating on the thermo-mechanical stresses of the cylin-
der head using the same model, Ashouri proved that the thermal barrier coating
can reduce the temperature and stress distribution on the cylinder head, improv-
ing its fatigue life [8]. Young et al. predicted the thermo-mechanical fatigue life
of the cylinder head using the Sehitoglu model, revealing the significant role of
mechanical damage in the thermomechanical fatigue life [9]. Using the cumulative
damage model, Liu et al. predicted the thermomechanical fatigue life of the cylin-
der head. Their results suggested that the creep damage can be neglected in the
thermomechanical fatigue life analysis [6].

Basiri and Amini applied various criteria to analyze the cylinder head low-cycle
fatigue (LCF) life, and reported the Ostergren modified model as the most accurate
one in predicting the cylinder head fatigue life [10]. Another study on the thermo-
mechanical fatigue life of a diesel engine’s cylinder head, conducted by Lu et al.,
showed less than 10% diffrence between the experimental and simulation results [3].
A model presented by Hazime et al. to evaluate the thermo-mechanical fatigue life of
an iron cylinder head suggested a very good fit between the experimental results and
fatigue life predicted using this method [11]. The prediction of thermomechanical
fatigue life of an aluminum cylinder head by Hazimeh et al. showed a higher
fit between the predicted fatigue life and experimental results by considering the
porosity [5]. The reliability of the fatigue life based on the neural network was
evaluated by Jing et al., suggesting that the fatigue life of a cylinder with 95%
reliability would be approximately 75 hours [12].

In a study on the impact of porosity defects on the cylinder head crack initiation
in a diesel engine, Li et al. reported inlet and outlet ducts, along with water channels
of the cylinder head, as critical areas [1]. Ashouri assessed the quenching process
on the LCF life of the cylinder head. The finite element method (FEM) results
demonstrated the nonnegligible and significant impact of residual stresses due to
the quenching process on the LCF life [13]. By applying the 400-h durability
test, Ashouri reported no rupture possibility throughout the cylinder head [14].
The prediction of Zhang et al. on LCF life revealed the significant impact of
thermal loading on the initiation of LCF in the cylinder head [15]. The simulation
conducted by Mahajan et al. to analyze the cylinder head high-cycle fatigue (HCF)
life suggested that the bridge between the valves is prone to fatigue cracks [16]. In
another prediction on the cylinder head thermo-mechanical fatigue life, Seifert et
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al. reported a very good fit between the critical areas in the fatigue analysis and the
crack points in the experimental test [17].

The simulation performed by Zeng et al. to predict the thermomechanical fa-
tigue life using the Sehitoglu model revealed the considerable role that oxidation
damage plays on the thermo-mechanical fatigue life of the cylinder head [18]. Pin-
gale et al. evaluated the HCF life of the cylinder head using modified Goodman
criteria, in which the high-cycle safety factor distribution showed no critical area in
the cylinder head [19]. Ren et al. evaluated the HCF life of the aluminum cylinder
head using fatigue tests and microscopic observations and reported water channels
as a critical area [4]. Moreover, Blondet and Barthoux developed a software to
evaluate the truck’s cylinder head fatigue life and provide a more accurate predic-
tion of fatigue life [20]. Mahjan et al. optimized the bridge between the cylinder
head’s valves to enhance its fatigue life. The optimization proposed the water chan-
nels as critical areas and reduced HCF damage in such areas by approximately
6.5% [21].

Bronger et al. proposed a pattern to include the impact of cylinder head thermal
aging on fatigue life. According to their findings, excluding the aging impact
leads to overestimation of cylinder head fatigue life [22]. Ashouri studied the
mechanical, oxidation, and creep damages on the thermomechanical fatigue life
using the Sehitoglu model, suggesting the substantial effect of mechanical damage
on the cylinder head fatigue life [23]. Ashouri also studied the impact of viscosity
stress on the LCF life using the Morrow model. The findings revealed that excluding
the effect of viscosity stress leads to an overestimation of LCF (approximately
5.9%) [24]. The cylinder head optimization using the sub-modeling technique was
performed by Houang et al., showing the water channels as critical areas [25].
Pierjiacomi et al. predicted the cylinder head fatigue life regarding the boiling
effect, in which the safety factor distribution showed no critical area in the cylinder
head [26].

Due to limited data on material hardening, softening, and viscous behav-
ior, the stress and fatigue analyses performed on the cylinder head are mainly
based on simple behavioral models, such as elastic-plastic, with less focus on
the impact of viscous behavior. Significantly, aluminum alloy exhibits viscous
behavior at engine operating temperatures [7, 27, 28]. Thus, this study used the
two-layer viscoplasticity model to simulate and evaluate the thermo-mechanical
behavior and the viscous behavior of the cylinder head, respectively, and ana-
lyze its thermo-mechanical fatigue life by employing the Sehitoglu model. First,
the ABAQUS software was employed to model and mesh the cylinder head. The
parameters of the two-layer viscoplasticity model were extracted using the LCF
test at various temperatures. Then, ABAQUS software was applied to analyze the
thermo-mechanical stresses. Eventually, the impact of viscous behavior on the ther-
momechanical fatigue life of the cylinder head was evaluated using the Sehitoglu
model and FEMFAT software.
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2. Methodology

2.1. The material and its behavioral model

The present study investigated and simulated the thermo-mechanical behavior
of aluminum-silicon-magnesium cast alloy to be applied in the cylinder head. Se-
lecting an appropriate model to evaluate the thermomechanical fatigue of materials
is predominantly significant. The two-layer viscoplasticity pattern was employed
to simulate aluminum alloy behavior and analyze its plastic and viscous behavior

(Fig. ).

Fig. 1. The two-layer viscoplasticity model [29]

This model divides the plastic and viscous effects into two elastic-plastic and
elastic-viscous networks [29]. The two-layer viscoplasticity model is the most ap-
propriate model to analyze the response of materials, such as an aluminum cylinder
head, which exhibits considerable temperature- and plastic-dependent behavior at
high temperatures [27, 28]. As a proper model for plastic behavior in materials, the
hardening nonlinear isotropic-kinematic pattern of Chaboche was employed in the
plastic network, which can predict behaviors such as hardening, softening, creep,
and mean stress relaxation [28, 29]. The Nonlinear isotropic/kinematic hardening
Chaboche model includes motion of the yield surface proportional to the value of X
in the stress zone, and also changes in the size of the yield surface are proportional
to the plastic strains, as shown in the following equation [30]:

. 1 ~PL ~pL 1 .
X=C— (O’,‘j—Xij)é‘ —VYij€ +—CX[J', (1)
ox) C
where O'O, EPL, C,v,and C represent the size of the yield surface, the rate of equiv-

alent plastic strain, material constants, and the exchange rate of C with temperature,
respectively. The following equation was used to define the isotropic part, in which
b and Q are material constants [30]:

~PL
R:Q(l—exp (—ba )) )
The yield criterion for this model was achieved using [30]:

f=lo-X|l-k-R, 3)
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where o, k, and R represent the stress, the initial yield stress value, and the isotropic
hardening variable, respectively. The Norton-Hoff law was used to consider the
effect of strain rate, as follows [27]:

gy = A(oy)", “

where the &y and oy represent viscous strain rate and viscous stress, respectively,
and A and n are material constants. The rate of the elastic moduli in the two viscous
and plastic networks is expressed by f. Where k, and k,, represent elastic moduli
in the elastic-viscous and elastic-plastic networks, respectively [29]:

k,
ky +kp

f= )

2.2. The finite element model and material properties

Traditionally, the engine parts optimization was based on prototypes and var-
ious tests. Such an approach is costly, time-consuming, and challenging because
it requires the production and testing of multiple prototypes at the initial stages of
design. Notably, such problems have been solved through using the finite element
analysis (FEA) to evaluate the efficacy of different designs [7, 15]. As shown in
Fig. 2, the cylinder heads analyzed in the present study were made of aluminum
alloy. The two valve guides are made of steel alloy, with a Young’s modulus of
106 GPa and a Poisson’s ratio of 0.35. The three valve seats are made of steel, with
a Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3 [31, 32]. The model
consists of 65580 nodes and approximately 80000 degrees of freedom.

(a) (b)

Fig. 2. (a) cylinder head and (b) finite element model of the cylinder head [31]

2.3. Thermo-mechanical boundary conditions

Thermo-mechanical analysis was performed in two steps, including thermal
and mechanical analyses to calculate temperature distribution and thermomechan-
ical stress, respectively. At the first step, the region between the intake and exhaust
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valves with the highest temperature concentration was subjected to thermal load-
ings with minimum and maximum temperatures of 35°C and 300°C. The thermal
analysis was performed to determine the temperature distribution by defining the
thermal transfer properties, specific heat, and conductivity factors. This analysis
consists of three cycles to achieve a stable thermal response, and each cycle contains
two parts: heating the cylinder head to its maximum operational temperature and
cooling it to its minimum operational temperature by *CFLUX and *FILM sub-
routines. In other words, the boundary conditions were inserted into the ABAQUS
software as a file with a *.inp extension. In the mechanical analysis, it is assumed
that the cylinder head is securely fixed to the engine block through the four bolt
holes, so the nodes along the base of the four bolt holes are secured in all directions
during the entire simulation [31, 32]. The boundary conditions for the cylinder
head in the mechanical analysis are shown in Fig. 3.

Fig. 3. Boundary conditions in mechanical analysis

2.4. Model for thermo-mechanical fatigue life prediction

Based on the Sehitoglu theory, the total damage, (D'°®!) of components with-
stand thermo-mechanical stress would be the sum of mechanical (D™"), oxidation
(DY), and creep (D"*°P) damages [33, 34]:

Dtotal — Dmech + D% 4 pereep (6)

Based on the Basquin-Coffin-Manson relationship, the mechanical strain range
Ag of cyclic deformation would be [35]:

’

(oa
Ae = Ef(sz)b + e (2Np)°, 0

where Ag, 0'}, E, 2Ny, b, s}, and c represent the strain amplitude, the fatigue
strength coefficient, the elasticity modulus, the number of reversals to failure,
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the fatigue strength exponent, the fatigue strength coefficient, the fatigue ductility
exponent, respectively. The oxidation damage was calculated using the following
equation [34]:

hcr50
Bp K

= 2
? 2 (Agmech)(ﬁ)+1
él—(ﬂ/ﬁ) ’

mech

ox _

)

where A, 09, @ and B represent the material parameters, while €pecn, and Kzﬁ
represent mechanical strain rate, respectively [34]:

1 -
KT = Z/Doexp(F%)) dr. )
0

where Dg, O, and R represent material parameter, oxidation activation energy,
and the universal gas constant, respectively. The oxidation phasing factor can be
expressed using the following equation [34]:

& 2
. ( th )
-1 €mech

dz, (10)

where £ and &y, represent the proportion of damage associated with differing
phases and the rate of thermal strain, respectively. Creep damage, resulting from
mechanisms such as void growth and grain boundary cracking, is described by the
following equation [34]:

J— m
pereep :q)creep/Ae(—?g) (W%) ds, (11)

where Ae, m, AH, o, oy, and K denote material constants, creep activation
energy, equivalent stress according to Mises, hydrostatic stress, and drag stress,
respectively. Also, @ and a; representing scaling factors of the relative proportion
of damage due to the tensile and compressive stress. Moreover, @ is the creep
phase factor [34]:

. 2

¢ ( 8th ) - 1

1 -1 émech

@reeP = —/exp — el gy (12)
c 2 é:creep

where £9°°P represents the sensitivity of the phase shift to creep damage. The
thermo-mechanical fatigue (TMF) life prediction procedure encompasses thermal,
mechanical, and fatigue damage analyses, as shown in Fig. 4.
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Fig. 4. Flowchart of the TMF analysis procedure

2.5. Experimental and simulation LCF tests

The aluminum alloy consisted of 8.3 wt.% Si, 0.33 wt.% Mg, 0.98 wt.% Fe,
3.13 wt.% Cu, 0.66 wt.% Zn, 0.64 wt.% Mn, 0.03 wt.% Ti, with the balance
being Al. The LCF testing setup is displayed in Fig. 5. As illustrated, an induc-
tion system was employed to heat the specimens. Mechanical strain at elevated

(b)

Fig. 5. (a) Material testing machine MTS 810 and (b) induction heater and extensometer
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temperatures was measured using an extensometer and controlled via computer.
The strain rate was maintained at 1 - 107> 1/s for all temperatures. To simulate
the LCF tests, the intended sample in the low-cycle fatigue experimental test is
modeled using SolidWorks software, the dimensions of which are shown in Fig. 6,
and then imported into ANSYS software. After meshing, the mechanical strain is
applied, similar to the low-cycle fatigue experimental test conditions. Eventually,
the simulated stress-strain curve is drawn.

sl \%
2

0.2/7

2

— = | —— o

Fig. 6. The geometry of LCF test specimens and their details (dimensions in mm)

3. Results and discussion

3.1. LCF tests results

LCEF test results of the aluminum cylinder heads at 100 and 300°C, which were
also simulated using Ansys software, are shown in Fig. 7, indicating a very good fit
between the experimental and simulated fatigue results. Tables 1 and 2 contain the

Table 1. Kinematic hardening parameters

C1@100°C (MPa) 79993
C1@300°C (MPa) 76850
C,@100°C (MPa) 64327
C,@300°C (MPa) 11810
C3@100°C (MPa) 11743
C3@300°C (MPa) 7858
y1@100°C (-) 1063
y1@300°C (-) 353
¥2@100°C (-) 4206
¥2@300°C (-) 590
y3@100°C (-) 862
Y3 @300°C (-) 655
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Fig. 7. The cylinder head material’s cyclic behaviors at (a) 100°C and (b) 300°C

Table 2. Isotropic hardening parameters and elastic modulus

E@100°C (GPa) 64.7
E@300°C (GPa) 51.7
k@100°C (MPa) 101.9
k@300°C (MPa) 48.1
Q@100°C (MPa) 21.25
Q@300°C (MPa) 32.62
b@100°C () 8.6
b@300°C (-) 1.9
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kinematic and isotropic hardening parameters of the cylinder head material based
on LCF tests. Moreover, Table 3 presents the viscous parameters in the two-layer
viscoplasticity model.

Table 3. Viscous behavior parameters

A@100°C (MPa"sec™!) 1.53-107°

A@300°C (MPa "sec™!) 6.32-1078
n@100°C (-) 1.63
n@300°C (-) 1.63
f@100°C (-) 0.18
f@300°C (-) 0.016

3.2. Thermal analysis

Thermal analysis aims to find the cylinder head’s temperature field. The prin-
cipal stresses are due to thermal loading. The remaining stresses would result from
the combustion pressure and mechanical restraints. Therefore, thermal analysis
would be the principal analysis in terms of predicting the fatigue life of the cylinder
head. Fig. 8 presents the temperature distribution at the end of the engine heating
cycle.

NT11
+3080e+02
+2.866e+02
+2.653e+02

- +2.439¢+02
- +2.226e+02
+2.012e+02
+1.799e+02
+1.585e+02
+1.372e+02
+1.158e+02
+9.448e+01
+7.313e+01
+5.178e+01
+3.043e+01

Fig. 8. The temperature distribution in the cylinder head

The highest temperature was recorded at 308°C at the bridge between the
intake and exhaust valves. This peak arises from the convergence of combustion
gases in this region, aligning with [12, 18, 32]. The thermal results can be used
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to identify critical areas. Therefore, the results suggested the critical nature of the
intake and exhaust valves bridge. Temperature variation in the critical region over
time is shown in Fig. 9, indicating a single on/off cycle of the engine.

335
285
235
185
135

Temperaure(°C)

8 Time(S)

35
0 10 20 30

Fig. 9. The temperature in the critical area

3.3. Mechanical analysis

Mechanical analysis was performed in two steps, commencing by compressing
three valve seats in the cylinder head channels. A static analysis procedure is used
for this purpose. The temperatures of various nodes of the cylinder head in the
thermal analysis of a single thermal cycle are stored for mechanical analysis, which
consists of the cylinder head heating to its maximum temperature and then its
reduction to the ambient temperature. In other words, in the mechanical analysis,
the temperature of different cylinder head nodes calculated in thermal analysis,
along with other forces that the cylinder head tolerates during its operational cycle,
are considered for different nodes. The second step contains the application of the
achieved temperature distribution along with combustion and bolt pre-load. Fig. 10
illustrates Von-Mises stress distribution in the cylinder head, showing the maximum
Von-Mises stress of 136 MPa at the region between the intake and exhaust valves.

The equivalent plastic strain distribution is presented in Fig. 11, which indicates
the entrance of cylinder head material into the yield region by providing a value
greater than zero. The equivalent plastic strain is an index to determine the critical
points. Examining Fig. 11 shows the region between that the intake and exhaust
valves is critical and prone to fatigue cracks.

The Von-Mises stress distribution in the cylinder head without considering
viscous behavior is shown in Fig. 12, where the maximum Von-Mises stress of
130.2 MPa occurred at the bridge between the intake and exhaust valves. Examining
Figs. 10 and 12 reveals that the maximum Von-Mises stress with and without
considering viscous behavior was 136 and 130.2 MPa, respectively. In other words,
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Fig. 11. The plastic strain distribution

excluding viscous behavior leads to an underestimation of Von-Mises stress by
5.8 MPa (or 4.3%).

In Fig. 13, the normal stress diagram (o) at the bridge between intake and
exhaust valves for the critical node is shown with and without considering the
viscous behavior. According to this figure, the maximum temperature occurred at
the tenth second of the operation (Fig. 9), which was a compressive stress due to
the thermal loading and combustion pressure. On the other hand, the stress turned
into tensile type by engine shutdown and gradual temperature reduction due to the
assembly loads.
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Fig. 12. The Von-Mises stress distribution without considering viscous behavior
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Fig. 13. The normal stress in the X direction for critical point versus time

3.4. Thermo-mechanical fatigue life prediction

Many of the engineering components encounter failure in their operational
conditions under oscillating loading and high temperatures, showing the vital im-
portance of the appropriate prediction of the lifetime of components. Therefore,
the life prediction models, such as the Sehitoglu model, should be employed to
calculate the TMF life of a material [8, 18, 23]. The Sehitoglu model constants
and thermo-mechanical analysis results were entered into the FEMFAT software
to evaluate the TMF life. The thermo-mechanical fatigue analysis results of the
cylinder head using the Sehitoglu model are shown in Fig. 14. The lowest TMF
life was 7407 cycles (1/0.000135 = 7407), which occurred in the region between
the intake and exhaust valves, making it a critical area. Moreover, the critical ar-
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eas in thermomechanical and fatigue life analyses are aligned. Fig. 15 displays
the thermo-mechanical fatigue life analysis results of the cylinder head without
considering viscous behavior, where the lowest fatigue life was 8064 cycles at

0.000135

b 1.35e-005

| (\ y _ 1.35¢-006
v | | 1.35¢-007
\\“
; 1.35¢-008
@ (' @ 1.35¢-009
_‘ \"\._

\

Y 1.35¢-010

le-30

Fig. 14. The TMF life prediction in the cylinder head considering viscous behavior
0.000124
1
@ 1.24e-005
1.24e-006
v ] 1.24e-007,
1.24e-008

1.24e-009

\ 1.24¢-010)

le-30

Fig. 15. The TMF life prediction in the cylinder head without considering viscous behavior
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the bridge between the intake and exhaust valves. Figs. 14 and 15 indicate that
the minimum TMF life with and without considering the viscous behavior was
7407 and 8064 cycles, respectively. In other words, excluding the viscous behavior
leads to 657 cycles (or 8.9%) overestimation of cylinder head thermomechanical
fatigue life, highlighting the necessity of considering the viscous behavior in the
thermo-mechanical fatigue life analysis.

3.5. Validation

The FEA results indicate that the bridge area between intake and exhaust
valves is a critical area with the maximum Von-Mises stress and lowest thermo-
mechanical fatigue life. Therefore, this region would be the most prone to initiating
the crack in the cylinder head. Based on Figs. 10 and 14, the FEA analysis results
are consistent with the experimental tests. Fig. 16 displays the cracked cylinder
head in the empirical tests, in which the cracking sites can be observed in the
area between the exhaust valves. The lower thickness and high temperature of the
material due to the improper cooling led this area to tolerate the highest stress and
eventually crack.

Fig. 16. The cracked cylinder head, (a) [36], (b) [27]

The results of [32], which studied the thermo-mechanical analysis of the coated
cylinder head, were employed to validate the thermo-mechanical analysis. This
study predicted the highest temperature (308°C) at the bridge area between intake
and exhaust valves, which is similar to the present study and shows a very good
fit. In Fig. 17, the temperature variations at the bridge between intake and exhaust
valves, which is considered a critical area due to the thermal analysis, are compared
with the results of [32], suggesting a very good fit. The maximum stress of 134 MPa
was predicted at the bridge between intake and exhaust valves in [20]. Notably, the
maximum stress in the present study was 136 MPa at the same area. Such a 2 MPa
(approximately 1.5%) discrepancy in the mechanical analysis results shows their
appropriate fit.
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Fig. 17. Comparison of temperature changes at the critical node
with the results of source [32]

4. Conclusions

The present study evaluated the impact of viscous behavior on the thermo-
mechanical fatigue life of the engine cylinder head using the Sehitoglu model.
The viscous behavior was considered using a two-layer viscoplasticity model. The
viscous and mechanical properties and parameters of the Chabouche’s isotropic-
kinematic nonlinear hardening pattern for aluminum-silicon-magnesium alloy were
calculated using LCF tests at various temperatures. LCF tests were simulated by
ANSYS software, and an excellent agreement was shown between the experimental
and simulation results of LCF tests. The finite element analysis revealed that the
highest temperature and stress values were 308°C and 136 MPa, and the position
is at the valve bridge. According to the thermo-mechanical analysis, the region
between the intake and exhaust valves is a critical area and prone to fatigue cracks.
The mechanical analysis suggested that excluding the viscous behavior leads to an
underestimation of Von-Mises stress by 5.8 MPa (4.3%). The TMF life with and
without considering the viscous behavior impact was calculated as 7407 and 8064
cycles, respectively. As FEM analysis results suggested, excluding the impact of
viscous behavior leads to an overestimation of the thermomechanical fatigue life
of the cylinder head by 657 cycles (= 8.9%), highlighting its significant effect.
The simulation results were compared with the thermomechanical analysis of
[32], showing a very good fit. The simulation results were also compared with a
real damaged cylinder head to validate the FEA results, indicating the appropriate
correspondence between the critical areas and rupture areas in the damaged sample.
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