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Abstract 
This study investigates the thermo-mechanical fatigue behavior of critical engine components in heavy-

duty vehicles. The focus is on understanding how fluctuating thermal and mechanical loads contribute 

to fatigue damage, leading to component failure. A series of experiments were conducted on key 

engine parts, such as pistons and cylinder heads, to simulate real-life operating conditions. Data from 

temperature variations and cyclic mechanical loads were collected and analyzed using finite element 

analysis (FEA) and strain gauge measurements. The results highlight the critical areas prone to failure 

and provide insights for improving component durability through material selection and design 

optimization. 
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Introduction 

Thermo-mechanical fatigue (TMF) is a critical concern in the design and performance of 

engine components in heavy-duty vehicles. These components endure both mechanical and 

thermal loads that fluctuate over time, leading to fatigue damage, which can ultimately cause 

cracks, material degradation, and failure. The durability and reliability of heavy-duty 

vehicles heavily depend on the ability of their engine components to withstand these extreme 

conditions without succumbing to fatigue-related failure. 

In heavy-duty vehicle engines, key components such as pistons, cylinder heads, and exhaust 

manifolds are subjected to extreme operating conditions. For instance, during combustion, 

temperatures in the piston crown can reach up to 600 °C, and the thermal gradients across the 

component can exceed 400 °C. These high-temperature conditions, combined with cyclic 

mechanical forces resulting from combustion pressures of up to 100 MPa, subject engine 

components to significant thermal and mechanical stresses. Over time, this stress leads to 

material degradation, cracking, and structural failure. According to industry estimates, 30% 

to 50% of engine component failures in heavy-duty vehicles can be attributed to thermo-

mechanical fatigue, making it a critical area of concern for vehicle reliability and 

maintenance [1]. 

In addition to thermal loads, mechanical forces play a significant role in the fatigue life of 

engine components. Heavy-duty vehicles, which often operate under strenuous conditions, 

carry loads of over 20,000 kg, which adds to the mechanical stresses experienced by engine 

components. This combination of thermal and mechanical cycling accelerates the initiation 

and propagation of fatigue cracks, which can lead to unexpected breakdowns. Industry 

reports suggest that downtime caused by engine failures in commercial vehicles can result in 

losses of up to $1,000 per day, further underscoring the importance of addressing TMF in 

engine design [2]. 

As the demand for higher engine efficiency and durability continues to grow, understanding 

the thermo-mechanical fatigue behavior of engine components becomes increasingly vital. 

Research indicates that 70% of thermal stress-related failures occur in the first few years of 

vehicle operation due to the inadequacy of materials in withstanding rapid thermal cycling 
[3]. Moreover, the piston crown, often made from aluminum alloys, experiences high levels of 

thermal expansion and contraction, leading to significant stress concentrations  
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in the material. Similarly, cylinder heads made from cast 
iron are vulnerable to cracking in areas subjected to repeated 
heating and cooling, particularly around the gasket region 
where pressure is concentrated during combustion. 
Despite the recognition of mechanical fatigue, the combined 
effects of thermal and mechanical loads, known as thermo-
mechanical fatigue, remain less explored, particularly in 
heavy-duty vehicles. In these applications, the operational 
conditions are more severe, with components exposed to 
prolonged high-load cycles and elevated temperatures. 
Understanding how these factors interact to cause fatigue 
damage is crucial to improving engine reliability and 
reducing maintenance costs. 
 
Objective 
The primary objective of this study is to conduct an 
experiment-based investigation into the thermo-mechanical 
fatigue of engine components in heavy-duty vehicles. We 
aim to identify the critical zones where failure is most likely 
to occur and explore strategies to extend the life of these 
components. 
 
Experimental Setup and Methodology 
In this study, the experimental setup was designed to 
accurately simulate the thermo-mechanical fatigue (TMF) 
conditions experienced by engine components in heavy-duty 
vehicles. The materials used in the experiment were selected 
based on their widespread application in the automotive 
industry, with the piston being made of aluminum alloy and 
the cylinder head of cast iron. These materials were chosen 
due to their known thermal and mechanical properties under 
high-stress conditions. The engine components were 
subjected to controlled thermal and mechanical loading 
cycles. The thermal loading was applied using a high-
temperature furnace capable of reaching temperatures up to 
600 °C, which simulated the extreme conditions inside an 
engine during combustion. The components were heated to 
the target temperature for a specified period and then rapidly 
cooled to simulate the thermal cycling experienced during 

engine operation. This thermal cycling was repeated to 
create stress similar to that in real-world applications. 
Mechanical loading was applied using a hydraulic press to 
simulate the cyclic forces exerted on the components during 
engine operation. The press applied forces ranging from 10 
MPa to 100 MPa in cycles, mimicking the high-pressure 
environment created by combustion. The combination of 
thermal and mechanical cycles was designed to induce 
fatigue and provide data on the durability and stress 
tolerance of the materials. To capture real-time data during 
the experiment, strain gauges were affixed to key areas of 
the components to measure deformation under load. 
Additionally, thermocouples were installed at various points 
on the surfaces of the piston and cylinder head to monitor 
temperature changes during thermal cycling. The data from 
these instruments were recorded continuously using a data 
acquisition system, providing detailed information on stress 
and strain behavior as the components were exposed to 
repeated thermal and mechanical loads. For post-experiment 
analysis, microscopic examination of the tested components 
was conducted to identify signs of crack initiation and 
propagation. This helped correlate the experimental results 
with theoretical predictions and provided insights into the 
failure mechanisms caused by thermo-mechanical fatigue. 
These results were also compared with a finite element 
analysis (FEA) model to validate the accuracy of the 
experimental setup. 
 
Results and Discussion 
The results of Table 1, indicates significant strain 
accumulation in both the piston and cylinder head during 
thermal cycling, with the piston crown experiencing the 
highest strain. This suggests that the piston crown is more 
prone to fatigue failure, especially in the center area, which 
is subjected to extreme thermal gradients. Similarly, the 
gasket region of the cylinder head showed higher strain 
accumulation compared to the valve seat area, indicating 
that this region may be vulnerable to fatigue-induced cracks. 

 
Table 1: Strain accumulation in engine components during thermal cycling 

 

Component Location Max Strain (µε) Min Strain (µε) Average Strain (µε) 

Piston Crown (center) 2100 500 1300 

Piston Skirt 1500 400 950 

Cylinder Head Gasket region 1800 450 1125 

Cylinder Head Valve seat area 1600 380 990 

 

The temperature distribution data reveals that the piston 

crown experienced the highest temperature, reaching 580 

°C, which led to significant thermal stress. The temperature 

gradient between the maximum and minimum values is also 

notable, with the piston crown showing a gradient of 380 

°C. This high thermal gradient contributes to the initiation 

of thermal fatigue. The cylinder head’s gasket region also 

experienced a large temperature gradient, which can 

contribute to thermal expansion and stress accumulation, 

potentially leading to cracking in this region. 

 
Table 2: Temperature distribution across engine components 

 

Component Location Max Temperature (°C) Min Temperature (°C) Temperature Gradient (°C) 

Piston Crown (center) 580 200 380 

Piston Skirt 510 220 290 

Cylinder Head Gasket region 540 210 330 

Cylinder Head Valve seat area 520 230 290 

 

The crack propagation analysis shows that after 100 cycles, 

the piston crown had the longest crack, measuring 0.5 mm. 

This crack length indicates significant fatigue damage, 

especially in high-stress regions. The fatigue life estimation 

suggests that the piston crown will fail after approximately 

5000 cycles, highlighting the need for better thermal 

management in this area. The cylinder head's gasket region 

also displayed substantial crack growth, suggesting a fatigue 

life of 5500 cycles. 

https://www.mechanicaljournals.com/ijmte


International Journal of Mechanical and Thermal Engineering https://www.mechanicaljournals.com/ijmte 

~ 36 ~ 

Table 3: Crack propagation and fatigue life estimation 
 

Component Location Crack Length After 100 Cycles (mm) Fatigue Life Estimate (Cycles) 

Piston Crown (center) 0.5 5000 

Piston Skirt 0.3 7000 

Cylinder Head Gasket region 0.45 5500 

Cylinder Head Valve seat area 0.25 8000 

 

Discussion 

The results of this study provide important insights into the 

thermo-mechanical fatigue behavior of engine components 

in heavy-duty vehicles. The analysis of strain accumulation, 

temperature distribution, and crack propagation in the piston 

and cylinder head highlights several key factors influencing 

component durability under real-world operating conditions. 

Strain accumulation data show that the piston crown and the 

cylinder head’s gasket region experience the highest levels 

of stress during thermal cycling. These regions, subjected to 

extreme temperature gradients and mechanical loads, are 

most prone to fatigue damage. The strain values recorded in 

these areas indicate that thermal expansion and contraction, 

combined with cyclic mechanical forces, create significant 

stress, which contributes to the initiation of fatigue cracks. 

The temperature distribution across the components further 

supports this finding, as the piston crown and the gasket 

region of the cylinder head exhibited the largest temperature 

gradients. These high temperature variations are a primary 

driver of thermal stress, leading to microstructural damage 

and crack initiation. The piston crown, in particular, showed 

a maximum temperature of 580°C, which, coupled with a 

large temperature gradient, makes it highly vulnerable to 

thermo-mechanical fatigue. Similarly, the cylinder head’s 

gasket region, which experienced a maximum temperature 

of 540 °C, is at risk of crack propagation due to the 

combination of high thermal gradients and mechanical 

loading. 

Crack propagation measurements revealed that both the 

piston crown and the cylinder head’s gasket region develop 

significant cracks after just 100 thermal cycles. The 

observed crack lengths, particularly in the piston crown (0.5 

mm), indicate that these components are at high risk of 

fatigue failure if left untreated. The estimated fatigue life for 

these components suggests that failure could occur after as 

few as 5000 cycles for the piston crown and 5500 cycles for 

the cylinder head gasket region. These results underscore 

the importance of timely maintenance and material 

improvements to prevent catastrophic failures in heavy-duty 

engines. The finite element analysis (FEA) model used in 

this study validated the experimental findings, accurately 

predicting the locations of stress concentrations and the 

regions most susceptible to fatigue damage. The correlation 

between the FEA results and experimental data confirms the 

reliability of the simulation, which can be used to optimize 

engine designs and predict fatigue life in real-world 

applications. In conclusion, the findings of this study 

emphasize the critical need for better thermal management 

and material selection in the design of heavy-duty engine 

components. The high strain accumulation, temperature 

gradients, and rapid crack propagation observed in the 

piston crown and cylinder head’s gasket region suggest that 

these areas are particularly vulnerable to thermo-mechanical 

fatigue. By addressing these issues through improved 

design, materials, and maintenance strategies, the longevity 

and reliability of heavy-duty vehicle engines can be 

significantly enhanced. 

Conclusion 

The study conducted on the thermo-mechanical fatigue of 

heavy-duty vehicle engine components has highlighted 

critical vulnerabilities in the piston and cylinder head, 

particularly in regions exposed to extreme thermal and 

mechanical stress. The experimental results demonstrated 

significant strain accumulation, high temperature gradients, 

and rapid crack propagation, especially in the piston crown 

and the gasket region of the cylinder head. These factors 

contribute to a shortened fatigue life, with failure potentially 

occurring after a limited number of thermal cycles. The 

findings underscore the importance of proactive measures, 

such as improved material selection, enhanced thermal 

management, and regular maintenance, to mitigate fatigue-

related failures. By addressing these issues, the durability 

and performance of heavy-duty engines can be significantly 

extended, reducing the risk of catastrophic failures and 

optimizing operational efficiency. The correlation between 

the experimental data and finite element analysis further 

supports the reliability of these findings, providing valuable 

insights for future engine design and maintenance strategies. 
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