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ABSTRACT

This worktaims«to evaluate the thermomechanical and isothermal fatigue behavior of an Inconel 718
specimen under various loading conditions, including low-cycle fatigue at 350°C and 650°C, as well as in-phase
and out-of-phase thermal loading cycles. An entropy-based approach combined with finite element analysis and
continuum damage mechanics was.used to examine the fatigue response under three different mechanical
loading conditions. The ABAQUS program facilitated the development of the finite element model, while the
model for predicting fatigue life.was evaluated using the subroutine code. The entropy-based approach, rooted in
Boltzmann theory and continuum damage mechanics, enabled the calculation of entropy growth rates and
damage accumulation parameters. The results show that the entropy-based method accurately captures the
trends in fatigue life and damage formation under thermomechanical and isothermal fatigue conditions. These
findings support previous experimental results, eonfirming the reliability and accuracy of the entropy-based
model in predicting material degradation. This study highlights the value of using entropy as a precise
parameter for assessing fatigue behavior, which is vital to developing more durable materials for high-
performance applications.
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1. Introduction

A gas turbine, consisting of a turbine, combustor, and
rotating compressor, operates on a Brayton cycle using
atmospheric air and fuel to generate high-temperature
flow. Turbine blades are made of nickel and cobalt
superalloys to withstand extreme temperatures. Due to
thermal and mechanical stresses during startup and
shutdown; monitering the lifespan, creep, and fatigue of
components is crucial for safe operation [1,2].

The. connectionsbetween entropy generation and
fatigue damage<has enhanced the understanding of
failure mechanisms) [3]. Thermodynamic models are
used to predict fatigue<life ‘and damage progression,
while temperature variations and_plastic strain energy
are examined as key factors for, evaluating fatigue
performance [4]. Studies on thermal and isothermal
fatigue tests show faster damage accumulation under
cyclic loading, with a sharter fatiguelife,in IP mode
compared to OP mode [5]. Testing on” GTD-111
superalloy indicates that IP life is shorter than OP life
due to high-temperature creep effects [6].

This paper introduces a fatigue®model based on
thermodynamics and continuum damage.mechanics,
analyzing entropy production [7]. The model establishes
a relationship between entropy and the damage
parameter using Boltzmann's statistical theory. dt is
applied to evaluate fatigue-life and damage parameters
for OP, IP, and LCF processes at different mechanical
loading amplitudes in a gas turbine vane. The model is
implemented in Abaqus finite element software by a
USDFLD subroutine code to assess fatigue life.

2. Methodology

This study presents a fatigue model based on
thermodynamics and damage mechanics, linking plastic
damage to irreversible strain at the microstructural level.
The damage parameter is nonlinear and scalar, ranging
from O to 1, and is associated with the cumulative
plastic strain rate. The dissipation potential of damage is
defined using a material hardening model, considering
the effect of stress triaxiality on void formation.
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The model uses the damage variable (Y), material
constants (S,), damage exponent (a), plastic strain (P),
critical damage (Dcr), and hardening exponent (n). It
adheres to the second law of thermodynamics, where
entropy increases with cumulative damage. The entropy
production rate, linked to the cumulative plastic strain
rate, enables the prediction of fatigue life.
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Pw and Pc represent the plastic strain at damage
initiation and failure, respectively. Ni» and Nf show the
number of cycles at the current state and failure. ms is
the specific mass, while No and Ko are Avogadro and

Boltzmann constants. Also, and s¢- are the entropy
growth rate and entropy at failure, respectively.

The study developed a 3D model of a turbine vane
using Inconel 718, simulating real gas turbine
conditions with finite element analysis in Abaqus. A
USDFLD subroutine code was created for fatigue
analysis, integrating temperature, stress, and the
proposed entropy model to evaluate fatigue behavior.

3. Results and Discussion

The Von Mises stress distribution at OP loading and
60% mechanical loading amplitude shows the stress
intensity at the vane’s trailing edge (Figure 1). Fatigue
life was estimated using an entropy-based model across
four loading conditions. The damage exponent (a) was
determined through iterative simulations.
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Fig 1. Von Mises stress distribution at OP.60%

Figures 2 and 3 show that" entropy< growth
accelerates with higher mechanical loading amplitudes,
particularly beyond P/Pcr = 0.9. IP conditions havera
more pronounced increase in entropy than OP,.while
LCF at 650°C shows higher entropy growth than,at
350°C, with smaller decreases at lower loading. Also,
pictures show that the final failure entropy at all
loadings remains approximately constant. The average
value was obtained as 53.3 KJ/kg K.
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Figures 4 and 5 show that damage accumulation
decreases with lower mechanical loading amplitudes,
with IP loading accelerating damage compared to QP:
LCF at 650°C leads to faster damage accumulation than
at 350°C, and significantly reduces fatigue life at higher
temperatures.
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4, Conclusions

This study examines the fatigue behavior of Inconel 718
gas turbine vane materials under various conditions,
including LCF at 350°C and 650°C, and IP and OP
thermal loading. The results show that IP loading leads
to the highest entropy and damage growth. LCF at
350°C offers the best performance with longer fatigue
life and lower entropy production. 650°C results in
higher damage rates than 350°C, confirming the
accuracy of the entropy-based model for predicting
material degradation. Also, the final failure entropy
remains approximately constant at all loadings.
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Fig. 1. (a) Displacement boundary conditions and (b)@applied gas pressure on the gas turbine vane.
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Fig. 2. Mesh of the gas turbine vane.
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Fig. 3. Von Mises stress distribution under OP fatigue with a mechanical loading amplitude of 60%.
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Table 1. Fatigue data for the entropy-based model.
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Fig. 6. Accumulated plastic strain versus life under IP and OP fatigue conditions.
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Fig. 7. Accumulated plastic strain versus life under low-cycle fatigue at 650 °C and 350 °Cs
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Fig. 9. Entropy generation versus normalized plastic strain under low-cycle fatigue at 350 °C and 650 °C.
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Fig. 10. Damage parameter versus normalized life under IP and OP fatigue.
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Fig. 11. Damage parameter versus‘normalized life under low-cycle fatigue at 350 °C and 650 °C.
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An Entropy-Based Failure Prediction Model for
Thermomechanical and Isothermal Fatigue Process

Zohreh Shirazi, Bijan Mohammadi'

School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran

ABSTRACT
This work aims to evaluate the thermomechanical and isothermal fatigue behavior of an Inconel 718 specimen

under various loading conditions; including low-cycle fatigue at 350°C and 650°C, as well as in-phase and out-of-
phase thermal loading cycles. An entrepy-based approach combined with finite element analysis and continuum
damage mechanics was used to examine the fatigue response under three different mechanical loading conditions.
The ABAQUS program facilitated the development of the finite element model, while the model for predicting
fatigue life was evaluated using the subroutine ‘code. The entropy-based approach, rooted in Boltzmann theory
and continuum damage mechanics, enabled the calculation of entropy growth rates and damage accumulation
parameters. The results show that the entropy-based method accurately captures the trends in fatigue life and
damage formation under thermomechanical and isothermal fatigue conditions. These findings support previous
experimental results, confirming the reliability’and accuracy of the entropy-based model in predicting material
degradation. This study highlights the value of using-entropy.as a precise parameter for assessing fatigue behavior,

which is vital to developing more durable materials forshigh-performance applications.
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Boltzmann theory, Damage mechanics, Entropy generation, Finite element, Thermomechanical fatigue.
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