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ABSTRACT: In this study, the effects of grain size distribution and material property variations Review History:

(Young’s modulus) on the probabilistic-based torsional fatigue life prediction of the AISI 52100 alloy  Received: Nov. 11, 2025

were investigated. To this end, continuum damage mechanics and micromechanics based on Voronoi  Revised: Dec. 28, 2025
tessellation were coupled. Six stress levels with fifteen analyses per level were performed using a two-  Accepted: Feb. 08, 2026
dimensional finite element model. Employing the Monte Carlo method with a 95% confidence level, ten ~ Available Online: Mar. 09, 2026
thousand data samples were generated for each stress level. The dispersion in fatigue life was evaluated
considering random variations in grain geometry and material properties (Young’s modulus). It was
assumed that damage initiation and propagation occur along grain boundaries. The damage growth
rate (AD) was determined for the case where Young’s modulus variation was zero. The results of the
two-dimensional finite element model and single-element finite element analysis were compared with
the available experimental data for this alloy. Due to the high scatter in fatigue life, curve fitting was
employed to compare analytical and experimental results. The fitting results showed that the error ~Damage Mechanics
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between the present study and the experimental data does not exceed 6%.

Periodic Boundary Condition

1- Introduction

Damage mechanics—based models have been extensively
employed in recent decades for predicting rolling contact
fatigue life based on torsional fatigue diagrams. The nature
of torsional fatigue and rolling contact fatigue leads to a large
scatter in fatigue life [1]. In particular, in most cases, they are
accompanied by load variability and load sequence effects
[2]. On the other hand, austenite phase transformation under
rolling contact fatigue further complicates the investigation
of this phenomenon. Morris et al. examined this using a
two-dimensional finite element model [3]. Lei et al. also
investigated the phase transformation of retained austenite
under rolling contact fatigue using the finite element method
and a two-dimensional model based on Voronoi tessellation
[4].

Micromechanics describes micro-stress concentrations,
defect interactions, and material property variability, while
at the mesoscale these are represented by damage variables
in elasticity or plasticity [5]. At this scale, micromechanics
can model random grain distributions using mathematical
techniques with periodic boundary conditions [6, 7], This
establishes a logical connection between the two scales [8].
This approach simplifies many problems and enables more
accurate analysis when coupled with continuum damage
mechanics [9].
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This paper aims to develop a computational code based
on damage mechanics, using micromechanics techniques
to estimate scatter in torsional fatigue properties of 52100
bearing steel and generate a probabilistic fatigue curve.
Mechanical properties, strongly influenced by material
type, processing route, and inherent defects, often exhibit
significant variability even in standard uniaxial fatigue
tests. Here, a model incorporating Voronoi tessellation
and scatter in Young’s modulus is presented to quantify
variability in torsional fatigue properties. Micromechanics
captures micro-stress concentrations, defect interactions,
and property variability, while at the mesoscale these effects
are represented through damage variables in elasticity or
plasticity. Random grain distributions can be modeled with
periodic boundary conditions, establishing a link between
micro- and meso-scales. This approach simplifies problem-
solving and enables more accurate analysis when coupled with
continuum damage mechanics. Material damage arises from
micro-crack and micro-void initiation and growth, reducing
mechanical properties under loading. Following Lemaitre’s
principle of strain equivalence, the constitutive equations for
damaged materials mirror those of undamaged ones, with
nominal stress replaced by effective stress. In rolling contact
fatigue, grain boundaries subjected to reversed shear stress
accumulate damage, initiating cracks whose propagation is
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Fig. 1. Progressive fatigue damage model algorithm.

governed by the traction vector. While this model highlights
the influence of grain size, modulus variation, and loading
on torsional fatigue, effects of temperature, defects, and
plasticity are beyond the scope of this study.

1- 1- Continuum Damage Mechanics(CDM)

Accordingly, the damage variable evolution (damage
growth rate) is defined, as bearing steels display quasi-brittle
behavior under high-cycle fatigue [10]:

dab _ Ac | 1
dN | o, (1-D) M

where c_and m are material constants that characterize
the material’s resistance to fatigue loads. By integrating
both sides and Utilizing the one-to-one correspondence with
the high-cycle fatigue governing equation 7, =a N f , the

material parameters in the damage model can be determined.
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A comparative approach, referred to as the Jump in Cycles
method, has been employed. To enhance the algorithm,
the jump at each analysis step is adjusted according to two
objectives [10]:

1. Strain energy is released through the initiation and growth
of fatigue damage.
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Fig. 2. A sample of Voronoi tessellation and its meshing..

2. The released strain energy in each cycle block must be

non-decreasing

When an element reaches its damage threshold, its Young’s
modulus is set to zero, and cycle count and strain energy are
updated. The fatigue process ends when the structure can no
longer sustain additional loading- i.e., when successive life
variations become negligible- and the total fatigue life is
recorded (Fig. 1).

1- 1- 1- Computational Micromechanics

Material behavior can be analyzed across micro-, meso,
and macro-scales. In computational micromechanics, these
scales are connected via homogenization. For a representative
volume element(RVE) of a heterogeneous material, the
homogenized stress and strain tensors are expressed as:

(o)) :éjgo'ijdg )
<s,.j> =éjﬂgijd9 ®)

which are related to each other by the effective elasticity
tensor (Cl.jkl )of the homogenized material.

() =Cou (e ©)

Periodic boundary conditions were applied following
Barbero [11]. An example of the Voronoi tessellation and
mesh is shown in Fig. 2.

2- Probabilistic Stress-Life Analysis

A finite element-based MATLAB code was developed
for probabilistic stress—life analysis and verified on a single
element. It was then applied to an RVE under fully reversed
shear loading, and the predicted fatigue life scatter was
validated against the analytical and experimental results of
Ref. [12]. The maximum deviation was 6%, indicating good
agreement.
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(a)

Fig. 3. A typical example of different stages of crack
growth.

2- 1- Material Parameters

The developed model can be employed to determine the
probabilistic torsional fatigue diagram of materials. In this
study, the torsional fatigue curve presented in reference [13],
for which experimental results are available, was utilized.
Accordingly, o and B are 2600 and -0.09643, respectively,
and the damage parameters are m= 10.37 and o, = 6574.
Fifteen analyses were performed at six stress levels, and by
considering the random scatter in geometry and material
properties, the scatter in fatigue life was obtained to derive
the probabilistic stress-life diagram.

2- 2- Determination of the Probabilistic Shear Stress-Life
Diagram

In this approach, damage was applied to the elements on
grain boundaries, and the critical damage is assumed to be
one. An example of the damage initiation and growth process
is shown in Fig 3.

The coefficient of determination exceeded 0.9 at all stress
levels. For each load level, 10,000 Monte Carlo simulations
based on the Weibull distribution were performed. The
results provide failure probability—life and torsional fatigue
diagrams. Fig4 . shows the probabilistic torsional fatigue
curve for 5% Young’s modulus variation; larger variations
lead to increased life scatter.

3- Conclusions

Assuming damage at grain boundaries and constant stress
per cycle, the key findings are: software was developed for
probabilistic shear fatigue curves; the damage growth rate
that reproduces the initial torsional fatigue curve is most
suitable; and increasing Young’s modulus variation increases
fatigue life scatter.
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Fig. 4. Examples of randomly distributed grains and grain boundaries in a periodic RVE.
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Fig. 5. Procedure for applying intergranular bonding at grain boundaries.
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Fig. 8. Fatigue life results for different damage growth rates under 1000 MPa shear load (single-element case).
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Fig. 9. Shear stress-life curve obtained for various damage increments per time step (AD) for the single-
element model.
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Table 2. Fatigue life results corresponding to AE = 0 and AD = 0.0059.

AVARNS Yre-fYVY YYFYY-fo o[ O
AVARN ARARIAN Yfav-vy +[£Y
AVARR} YEPAYA Yora-A NAE4
AVARNS Y-YYFF Y-arvy +[Ae
AVARNS YEYy. YOYA? AT
AVARR ¥ yeyof ARAARS )
1100
1000
e EX . —&— Model
900
800
700
600
500
400
1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

AD =+/++08 g AE =+ I3l & yos Julodd gulS 15900 Ve S5

Fig. 10. Diagram of Fatigue life results corresponding to AE = 0 and AD = 0.0059.
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Fig. 11. Scattering of load-life fatigue results obtained from: a) the present model and b) Ref. [2].
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Fig. 12. Shear stress-life curve for AISI 52100 alloy (50% reliability).
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Fig. 14. Distribution of Young's modulus with a 5% coefficient of variation.
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Fig. 14. An example of different stages of crack growth.
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Convergence Trend (0.5 GPa Stress, Model 3)
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Fig. 15. Convergence history: a) cycle-to-cycle variation, b) cumulative cycle quantity as a function of solu-
tion steps.
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Fig. 16. Simulation of 10,000-fold results for each stress level (e.g., stress level of 1 GPa).
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Table 3. Results of analytical fatigue life for various stress levels obtained through 15 separate analyses.
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Fig. 18. Probabilistic torsional fatigue life plot derived from the analysis.
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Fig. 19. Effect of Young's modulus distribution on the shear stress-life fatigue diagram: an example.
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