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ABSTRACT: The piston is the heart of the engine that undergoes thermal and mechanical loading.
Fatigue due to thermo-mechanical stresses plays an effective role in causing damage and reducing piston
fatigue life. This study aims to evaluate the effect of residual stress on the high cycle fatigue (HCF)
life for the XU7JP/L3 engine-coated piston. In this paper, HCF life analysis of the piston is performed
by using the finite element method and ANSYS software to predict the temperature and stresses, and
then HCF life by using Goodman theory and ANSYS nCode Design Life software. The numerical
results showed that the temperature maximum occur at the piston crown center. The obtained thermo-

Keywords:
mechanical analysis results proved that the thermal barrier coating system reduces the stress distribution

in the piston by about 9 MPa or 10%. The results of finite element analysis (FEA) indicated that the
stress and number of cycles to failure have the most critical values at the upper portion of the piston pin.
The high cycle fatigue life of the uncoated and coated piston predicted 2.51*108 and 3.415*108 cycles,
respectively. The HCF life results showed that the number of cycles of failure for the coated piston is
approximately 36% higher than for the uncoated- piston. According to the fatigue life analysis results,
neglecting the residual stress effect led to estimating about 6.4% higher than the limit. The results of
finite element analysis showed that the residual stress is significant which is not negligible. Therefore,
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it is necessary to consider the residual stress effect in the thermo-mechanical analysis and HCF life of
the coated piston. Thermo-mechanical analysis and HCF life results are compared with experimentally
damaged pistons to evaluate the results appropriately. It has been shown that the critical identified area
matches well with the area of failure in the experimental sample.

1- Introduction

As one of the most vital and complex components in an
internal combustion engine, the piston is subjected to complex
loads. The piston transfers the pressure resultants from engine
combustion into the connecting rod and crankshaft, and due
to its exposure to intensive gas temperature and pressure
alterations, it’s considered a critical component [1,2]. Thermal
insulation of pistons, which is an approach to reduce thermo-
mechanical stresses on the engine pistons, can be achieved
by a thermal barrier coating on the piston crown [2,3]. In
the literature, previous studies report several researches
related to the stress analysis and fatigue life in the pistons.
Nouby et al. studied the evaluation of thermal barrier coating
on stress and deformation distribution in gasoline engine
pistons. Increasing the coating thickness reduces the stress
value [2]. Yao et al. evaluated the enhanced high-temperature
thermal fatigue property of aluminum alloy pistons with nano
thermal barrier coatings. Their study proved that the substrate
temperature of Nano coated piston is considerably lower than
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that of the uncoated piston [1]. Prakash et al. investigated
the effect of TBC on engine pistons to improve efficiency
using dual fuel. At fully loaded condition, it concluded that
the blend combination with thermal barrier-coated piston
brake thermal efficiency and brake-specific fuel consumption
improved [3]. Ashouri performed a fatigue life assessment for
an aluminum alloy piston. The numerical results showed that
the maximum temperature occurs at the piston crown center
[4]. The aim of this paper is to evaluate the effect of residual
stress on the HCF life for XU7JP/L3 engine coated piston.

2- Methodology

Predicting fatigue life for a coated piston considering
residual stress is the objective of the present study. For this
purpose, Solidworks software was used to model the piston.
Therefore, the thermo-mechanical analysis was performed
to get the temperature and stress distribution in ANSYS
software. Eventually, the thermo-mechanical results were fed
into the ANSYS nCode Design Life software to investigate
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Fig. 1. The temperature distribution in the (a) uncoated
and (b) coated piston.

the fatigue life of the piston.

3- Result and discussion

Thermal stresses in the pistons are the dominant stresses,
leading to fatigue in the pistons. As a result, thermal loading
is the most critical loading in the thermo-mechanical fatigue
analysis of pistons. The resulting temperature field on the
uncoated piston is shown in “Figure 1(a)”. This Figure
indicates that the temperature distribution of the piston surface
tends to decrease from the center to the edge of the piston. This
result is similar to that obtained on a similar piston type in an
earlier study [1,4]. The resulting temperature distributions on
the coated piston are shown in Figure 3. As seen in “Figure
1(b)”, the TBC system reduces the temperature distribution in
the piston by about 31°C. It can lead to lower stress values
in the aluminum alloy substrate. Thus, the fatigue life of the
pistons can be improved [1,4].

The piston bears the mechanical stress and withstands
the thermal stress because of the temperature fluctuations.
Therefore, the analysis of thermo-mechanical coupling stress
on the piston is needed. “Figure 2(a)” shows the distribution
of Von-Mises stress in the uncoated piston. This Figure shows
that the maximum Mises stress is 89.019 MPa, which occurs
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Fig. 2. The stress distribution in the (a) uncoated and (b)
coated piston.

in the upper portion of the piston pin. The Von-Mises stress
distributions in the coated piston are shown in “Figure 2(b)”.
As can be seen from “Figure 27, TBC reduces the stress
distribution in the piston by about 9 MPa.

Analysis of high cycle fatigue demonstrates that 2.51*108
cycles is the minimum life and occurs in the upper portion of
the piston pin, corresponding to the [4] results. As shown in
“Figure 3(a)”, the minimum thermo-mechanical fatigue life
occurs in an area with maximum stress, which makes this
area susceptible to fatigue cracks. The fatigue life prediction
in the coated piston is shown in “Figure 3(b)”. As shown
in failure contours, minimum HCF life occurs at the upper
portion of the piston pin. The TBC system increases the HCF
of the piston by about 36%.

Evaluation of the residual stress in the HCF life for
pistons is the main focus of this research. The fatigue life
estimation has been performed according to the high cycle
fatigue approach, also considering the effects of the residual
stress. “Figure 4” indicates the number of cycles to the failure
piston, also considering the residual stress. According to the
HCEF life analysis results, neglecting the residual stress effect
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Fig. 3. The HCF life prediction in the (a) uncoated and
(b) coated piston.

led to estimating about 6.4% higher than the limit.

4- Conclusions

This study aims to study the effect of residual stress on the
HCEF life for the XU7JP/L3 engine-coated piston. The results
of FEA demonstrated that the temperature distribution in the
coated piston reduces by about 31°C. Therefore, the piston
endures less temperature, and fatigue life will increase. The
obtained thermo-mechanical analysis results proved that the
TBC system reduces the stress distribution in the piston by
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Fig. 4. The HCF life prediction in the piston under re-
sidual stress.

about 9 MPa. The HCF life results showed that the number of
cycles of failure for the coated piston is approximately 36%
higher than the uncoated piston. According to the fatigue life
analysis results, neglecting the residual stress effect led to
estimating about 6.4% higher than the limit.
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Fig. 1. (a) Piston used in FEA analysis and (b) Finite element model of the piston
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Table 2. Physical and Mechanical properties of ceramic and metallic layers [12].
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Table 3. Boundary conditions in thermal analysis [28,30].
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Fig. 3. In-cylinder pressure and temperature curve
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Fig. 7. The Von-Mises stress distribution in the un-
coated piston
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Fig. 8. The Von-Mises stress distribution in the coated
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layers and (b) metallic layer
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Fig. 11. Mesh convergence in the uncoated piston
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Fig. 16. (a) The ruptured piston in real conditions in Silva's research [39] and (b) critical zone of the
piston in the present study.
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