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Abstract

Gears are components that transmit rotational motion by engaging the gear teeth. Since
gears are used in the power transmission system, their failure will lead to the
mechanism failure. So, predicting failure factors is important to ensure a proper design.
Tooth surface failure includes cases such as wear, pitting and spalling. Considering that
experimental studies of fatigue phenomena are time-consuming and expensive, it is
necessary to improve numerical models and bring them as close as possible to real
conditions. The aim of this research is to present a numerical model to predict the
subsurface fatigue crack initiation and growth under cyclic contact loading. In this
study, Abaqus software was used for 2D modeling of a pair of teeth in contact. The
analysis was performed using standard finite element method with progressive crack
growth. The crack growth angle was determined according to the improved Richard
criterion. The results showed that the maximum AK position, with about 9% error,
has the best agreement with the experimental spalling. So, the maximum AKn position
was proposed as a criterion for determining the subsurface crack initiation position.
The stress intensity factor of initial subsurface crack left and right tips is the same, and
s0, both tips start to grow simultaneously. In this model, the improved Richard criterion
was used to determine the crack growth angle, which leads to the prediction of a
spalling with dimensions close to the experimental spalling. The predicted spalling
length showed a difference of about 6% compared to the experimental spalling.

Keywords

Spalling

Gear

Contact fatigue

Subsurface crack

Crack initiation and growth

Received: 30.08.2025
Revised: 22.10.2025
Accepted: 22.11.2025

"Corresponding Author
Hasan Heirani

Email
heirani@bugaen.ac.ir

1- Introduction

Gears are machine elements that transmit rotational
motion and power from one shaft to another through
meshing of the tooth flanks. In modern industry, the
designer requires mechanical elements, including
gears, that can withstand high loads at high
operating speeds while having minimum size and
weight. In such applications, predicting the main
causes of failure is crucial to ensure an appropriate
design. The primary failure mechanisms of gears are
divided into two categories: tooth bending failure
and failures caused by contact stresses [1]. Bending
failure occurs when the bending stress in the tooth
exceeds its bending fatigue strength. Surface failure

occurs when the contact stresses at the tooth surface
exceed the surface fatigue strength of the teeth.

Glodez et. al. [2] proposed a new model for
evaluating the pitting resistance of gear tooth flanks.
In this model, the short-crack theory was employed
to numerically simulate the fatigue process leading
to pitting. On the basis of the computational results,
they were able to estimate the service life of gear
tooth flanks in terms of the number of stress cycles
required for a crack to grow from its initial length to
a critical length. Ding and Rieger [3] conducted an
experimental study on gear tooth spalling in AISI
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4340 steel gears and demonstrated the spalling
process arising from the growth of cracks near the
contact surface. Their experimental results
confirmed the spalling mechanism of collapse of the
ligament region, that is, the region between the
crack tip and the contact surface. Ding and Gear [4]
proposed a model for predicting the spalling depth
of gears. They developed the computational model
using numerical data obtained from finite element
analysis. The spalling depth caused by contact loads
and various crack sizes obtained from this model
was compared with experimental results under
corresponding loading conditions, demonstrating
the accuracy of the proposed model. Heirani and
Farhangdoost [5] proposed a two-dimensional
model for predicting the initiation location and
growth path of subsurface cracks on spur gear teeth.
They identified the position of maximum AKII as
the subsurface crack initiation location and
employed the maximum tangential stress criterion
to determine the crack growth path. The results of
this model showed good agreement with
experimental results. Batory et. al. [6] investigated
the behavior of 3D-printed spur gears made from
AISI 316L steel. The gears were tested under
lubricated conditions and varying loadings to study
the effect of torque on pitting resistance. The gears
performed satisfactorily at torques below 60 N-m,
whereas a torque of 135 N-m caused pitting on the
teeth.

In previous studies on gear spalling formation, the
equivalent two-cylinder contact model has been
used. A limited number of studies have employed
the involute tooth profile; however, instead of full
contact between two teeth, a parabolic distribution
of Hertzian contact pressure was shifted along the
tooth surface. Given that the contact point between
two teeth shifts during operation, the radius of
curvature and load distribution vary, so modeling
the contact between two teeth with an involute
profile can bring the analysis closer to the physical
reality of the problem.

2- Research Methods

In this section, the problem geometry is modeled as
two real contacting gear teeth. To achieve this, the
involute profile of the tooth must be modeled. An
initial subsurface crack is considered in the model,
and the initial crack is modeled at various depths.
Contact loading is applied to the tooth, and the
Mode | and Mode Il stress intensity factors at the
crack tips are extracted. The growth path of the
subsurface crack wunder contact loading is
determined using the modified Richard model
according to Eqg.1, which is based on experimental
crack growth results under mixed-mode loading.

Loading is applied as torque on a gear. The crack
propagates progressively, and the new crack
geometry is modeled until the crack tip reaches the
tooth surface, resulting in the formation of spalling
on the gear tooth surface. Stress field analysis and
determination of stress intensity factors are
performed using the finite element software
Abagus.

Figure 1 shows a gear tooth with a module of 4.5
and 24 teeth, modeled in Abaqus software according
to Reference [7]. Both gears are assumed to be made
of steel (42CrMo4) with a Young's modulus of 206
GPa and a Poisson's ratio of 0.3. The coefficient of
friction between the contact surfaces of two gear
teeth was considered as 0.04, according to reference
[7]. As shown in Figure 2, the element used for
meshing is CPE4R. The mesh size in the crack tip
region was set to 5 um, and the number of elements
in cracked tooth was 19,150. A torque of 31 N-m is
applied to the tooth.

3- Results
3.1 Fatigue crack initiation

Subsequently, an initial subsurface crack of length
25 um, according to reference [8], was positioned
at various depths from the contact surface at the
pitch circle location. Upon applying loading to the
gear teeth, the stress intensity factor for the left and
right crack tips was calculated. Figure 3 illustrates
the depth of the experimental spalling bottom from
reference [8] and the position of the maximum
values of the three parameters AKII, Von Mises
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stress, and Tresca stress. According to this figure,
the position of the maximum AKII shows the best
correlation with the experimental spalling depth.
Therefore, for the subsurface crack growth phase,
the initial crack will be placed at the depth
corresponding to the maximum AKII.

3.2 Fatigue crack growth

The initial crack is placed at the location of
maximum AKII, and stress intensity factors for both
crack tips are calculated. By substituting these stress
intensity factor values into the improved Richard
relation, Eq. 1, presented by Heirani and
Farhangdoost [5], the crack growth angle at this
stage can be determined.

The crack is extended at the obtained angle with a
longitudinal growth of 10 um. This process
continues until the crack tips reach the tooth surface,
resulting in the formation of a complete spalling.
Figure 4 shows the complete path of subsurface
crack growth until it reaches the surface and results
in spalling formation on the gear tooth.

¥

Figure 1: Tooth profile in Abaqus software

Figure 2: Tooth meshing and specialized mesh for the crack tip
region
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Figure 3: Experimental spalling depth and the positions of the
maximum values of the AKII, Von Mises, and Tresca stress [9]

The crack is extended at the obtained angle with a
longitudinal growth of 10 um. This process
continues until the crack tips reach the tooth surface,
resulting in the formation of a complete spalling.
Figure 4 shows the complete path of subsurface
crack growth until it reaches the surface and results
in spalling formation on the gear tooth.

0.1 mm

Figure 4: The subsurface crack growth path and spalling
formation on the gear tooth

To verify the accuracy of the spalling shape
predicted by the model presented in this
dissertation, the model results are compared with
the experimental spalling shape reported in [8].
Figure 5 shows the comparison between these two
forms, which exhibit good dimensional agreement.
The experimental spalling in this case has a depth of
approximately 140 um and a length of about 480
um, while the simulated spalling has a depth of 127
um and a length of approximately 450 pum. In
contrast, the simulated spalling in [8], which used
the maximum Von Mises stress criterion to
determine the subsurface crack nucleation site and
the virtual crack extension method for the crack
growth phase, shows a depth of 192 um and a length
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of around 600 pm. The simulation by the model
proposed in this dissertation provides a more
accurate result compared to the simulation in [8].

0.1 mm

Figure 5: Spalling shape, (a) experimental [8], (b) simulation by
the model presented in this research

4- Conclusion

Numerical analyses were conducted to determine
the nucleation location of subsurface cracks in a
simple gear tooth and to identify the growth path of
the subsurface crack until it reached the tooth
surface, causing complete spalling. The most
important findings of these analyses are as follows:

e Among the three parameters AKy, Von Mises
stress, and Tresca stress, the location of
maximum Von Mises stress has been the most
commonly used indicator for the initial
subsurface crack position. However, the results
of this study indicated that the location of
maximum AK;, has best corresponds with the
bottom of the experimental spalling, with a
deviation of approximately 9%. Therefore, the
location of maximum AKj is proposed as the
criterion to determine the subsurface crack
nucleation site.

o The stress intensity factor at the left and right tips
of the initial subsurface crack is equal, resulting
in simultaneous crack growth from both tips.

e The crack growth angle determined using the
improved Richard criterion, as presented by
Heirani and Farhangdoost, leads to the
prediction of spalling dimensions closely
matching the experimental spalling. The
predicted spalling aperture length differs by

about 6% from the experimental spalling,
whereas the reference model  shows
approximately 25% error.

Since the current model provides an accurate
prediction of spalling dimensions on the gear tooth,
it can aid in better understanding the subsequent
effects such as meshing stiffness and gear vibration
in the industry. Future research on the three-
dimensional analysis of the spalling phenomenon
could offer deeper insights into this issue.
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