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ABSTRACT

The present study proposes a combined approach of infrared thermography and 3D XFEM numerical models for crack process

investigation in mechanical components such as gears. Over the years, fatigue crack analysis based on energy dissipations in

the form of heat generated during fatigue tests has been widely reported, although mainly limited to classical specimens. In this
work, this approach is extended to gears under single tooth bending fatigue conditions, where thermal dissipations were acquired
using two infrared cameras. Numerical models were developed to investigate the entire crack process, with a focus on both nucle-
ation and propagation. Thermal dissipations, processed in terms of temperature evolution and localized heating, were combined
with numerical results and macroscopic fractographies. The analysis, performed on three gear case studies, shows that the crack

mechanism can be investigated through thermal dissipations, highlighting asymmetric crack propagation and its evolution when

the crack is still internal to the gear.

1 | Introduction

To guarantee the safety and reliability of mechanical compo-
nents, a clear understanding of fatigue crack processes, includ-
ing nucleation and propagation, is required.

The study of fatigue cracks by means of dissipated energy as heat
was originally proposed beginning in the 1970s, as reported in
[1-3]. Over the years, infrared (IR) thermography has attracted
significant interest for fatigue crack analysis. This is due to its
main advantages, such as noncontact measurements, full-field
capability, and real-time detection of thermal dissipations ahead
of a crack. This resulted in a series of significant research ac-
tivities, as evidenced in [4-7], aimed to investigate the process
of crack nucleation and propagation in relation to temperature
variations and local heating during fatigue tests. These thermal
aspects were found to be sufficiently sensitive and accurate to

detect, investigate, and monitor damage localization and crack
initiation, as well as the current location of the fatigue crack tip.
These studies were conducted on classical specimens, and the
experimental observations indicated a characteristic tempera-
ture evolution during the fatigue tests. The temperature evolu-
tion presented an initial increase, subsequently stabilizing. At
the onset of crack initiation, a sudden increase in surface tem-
perature was observed. This temperature increment allows the
estimation of the number of cycles associated with crack nu-
cleation and subsequent propagation. Several studies have also
been proposed for the development of energy dissipation-based
models, mainly aimed at analyzing crack growth, the plastic
zone and the heat energy dissipated during the crack process.
Examples of such studies were reported in [8-19]. More in detail,
analytical models were developed to analyze the propagation of
fatigue cracks, incorporating mechanical, cyclic, and fatigue
properties, or length parameter to predict the crack growth rate.
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Summary

» Crack process investigation in gears under STBF tests
and HCF conditions.

+ Crack growth mechanism analysis in high cycle fa-
tigue conditions.

« 3D XFEM numerical models for crack nucleation and
propagation processes.

Internal and asymmetric crack detection through
thermal dissipations.

Other models were formulated to analyze the energy generated
in front of a fatigue crack, or to determine the temperature in-
crease near the crack tip under fatigue loading. In particular,
the application of IR Thermography was utilized during fatigue
tests for experimental measurements with the aim of compar-
ing the numerical results, as demonstrated in [13, 15, 16, 18, 19].
Throughout the years, the adoption of IR thermography for
fatigue cracks analysis was also expanded across various ma-
terials and applications, as evidenced by the use of composite
materials in [20]. It is evident, on the basis of the aforementioned
considerations, that the study of fatigue cracks with dissipated
energy is of significant relevance. However, most of the existing
literature on this topic focuses on classical specimens, particu-
larly when thermal dissipations are acquired with IR thermog-
raphy. Only a limited number of studies, such as [21] and [22],
have extended this approach to real structures or mechanical
components. In [21], the authors proposed an approach based on
different thermographic techniques for continuous and noncon-
tact monitoring of fatigue cracks, enabling instantaneous eval-
uation and extending its applicability to structural components.
In [22], a preliminary application of IR thermography for the
analysis of crack propagation in gears was proposed, with the
aim of investigating different failure modes such as fail-safe and
catastrophic failures.

Over the years, the topic of fatigue crack growth focused on me-
chanical components with complex functionality and geometry
has resulted in the development of numerical models to improve
their analysis. Regarding the prediction of crack growth life in
gear bending fatigue, numerous researchers had investigated
both crack propagation life and crack growth trajectories using
different numerical approaches, including eXtended Finite
Element Method (XFEM) [23-25] and FEM [26-28]. The XFEM
was developed in the late 1990s and is based on the partition of
unity concept. This approach enriches classical finite element
method (FEM) approximations with specific functions, allow-
ing the representation of crack-tip singularities and displace-
ment discontinuities across crack faces [29]. In conventional
FEM analyses, the accurate representation of such discontinu-
ities generally requires complex and computationally demand-
ing remeshing procedures. XFEM overcomes this limitation,
allowing crack growth to be simulated under various loading
conditions without updating the mesh during propagation.
This capability is achieved by introducing additional degrees of
freedom at nodes in the vicinity of the crack front and by em-
ploying enrichment functions, allowing the crack to propagate
independently of the underlying mesh. Consequently, XFEM is

particularly well suited for problems involving complex geom-
etries and nonuniform loading, where traditional FEM would
require frequent remeshing operations [30]. In recent decades,
fatigue design methodologies have often taken into account
multiaxial critical plane criteria for HCF applications [31-33].
This framework generally enables the evaluation of both crack
initiation and orientation of the plane along which early crack
propagation occurs. Several approaches have been proposed in
the literature to model the underlying mechanisms, depending
on the stress state or the physical conditions governing crack
initiation. Representative examples include the Findley criterion
[34], the Crossland criterion [35], the Fatemi-Socie criterion [36],
and the Smith-Watson-Topper (SWT) criterion [37, 38]. Thus,
the use of these methodologies is of significant interest in the
characterization of fatigue crack behavior, facilitating accurate
descriptions of the crack process.

In this study, IR thermography was adopted for the acquisi-
tion of thermal dissipations produced from gears subjected to
single tooth bending fatigue (STBF) conditions. Subsequently,
the thermal dissipations were processed in terms of tempera-
ture evolutions and local heating at the crack tip, considered as
representative of the entire fatigue crack evolution process. The
experimental observations in terms of thermal dissipations were
also compared with those reported in the literature for speci-
mens, in order to identify differences in mechanical components
such as gears. Dedicated 3D XFEM numerical models were run
to compare the results coming from experimental campaigns.

Furthermore, an analysis of the crack evolution path was con-
ducted, basing on local heating over thermal maps, when the
crack was still inside the gear. In addition, fracture surfaces
were investigated for the purpose of validating these results.
Three distinct case studies in terms of gear geometry and ma-
terial were analyzed, testing the gears under different loading
conditions during the STBF tests.

2 | The Bending Stress Field in Gears: Theoretical
Background

The probability of bending fatigue failure is typically evaluated
according to ISO 6336-3 and ANSI/AGMA 2101-D04 [39, 40], as
these standards adopt conservative design criteria. From this
perspective, STBF testing can be considered an effective and re-
liable experimental approach compared with tests performed on
notched specimens or operating gears.

According to ISO 6336-3 [39], the maximum tensile stress o}, at
the tooth root is responsible for tooth bending fatigue failures
and can therefore be considered as a critical damage parame-
ter. It is thus well established that, under STBF loading condi-
tions, the tooth failure tends to occur in the tooth root region.
However, an evaluation based only on ISO 6336-3 [39] consider-
ations does not provide the crack nucleation position along the
face width to be determined a priori, as also discussed in [41].
Numerous experimental studies, together with the experimental
results of the present work, have shown that crack nucleation
does not occur in the gear side faces, but is generally shifted
toward a more internal region of the face width. These obser-
vations suggest that three-dimensional effects play a significant
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role in determining the actual crack initiation location [42]. In
light of these findings, a finite element analysis was carried out
to investigate the stress distribution at the tooth root along the
gear thickness and to provide a numerical explanation of the ex-
perimentally observed behavior.

The numerical model adopted for this analysis is identical to
the one that will be described in the following sections (see
Section 4) devoted to crack nucleation and propagation.

In Figure 1, a simplified schematic of the gear subjected to
an applied force is shown on the left-hand side; the axis along
which the tooth root stress distribution was subsequently plot-
ted is also highlighted. By analyzing Figure 1, the distribution
of tooth root stresses along the face width is nonuniform. In fact,
principal stress peaks (see 6 ,,,, in Figure 1) are produced during
tooth bending close to the lateral regions of the gear and not near
the center of the face width. This behavior can be attributed to
three-dimensional effects and edge effects arising from the dif-
ferent stiffness of the components involved in the STBF config-
uration and from the resulting load transfer between the punch

Mucleaiion lncatinn

and the gear tooth. Consequently, the crack nucleation point is
expected in proximity of these stress peaks (see orange point
in Figure 1) [43]. The percentage difference between the max-
imum stress value and the stress at the center of the gear width
was found to be approximately 3.3%. The numerical simulation
confirmed this behavior by highlighting the nonuniform stress
distribution along the gear face width.

3 | Materials and Methods

3.1 | Samples

The aim of this study is to investigate the process of crack nucle-
ation and propagation for a number of case studies of mechan-
ical components, specifically gears. Moreover, the analysis was
conducted through numerical and experimental activities.

A detailed description of the case studies is provided in Table 1,

while Figure 2 illustrates an example of the gears used in the
experimental activity.

Pring Il Shrss distribudion along the strip widih

Faoe wilih { z-coord

FIGURE1 | Stress distribution at the tooth root. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE1 | Gears: case studies.

Tooth root ISO 6336 - part
Material and mechanical 3 standard SWT model
Case study surface treatment Geometry properties factors [39] parameters
Gear1 18NiCrMo5 e m =22mm Rz=4.35um « Y=1.59 ‘7} = 4417
carburized steel e 2=30 H=964HV « Y,=175 ¢ = 0259
(CHD,,,=0.5mm)  « a=17° E=240GPa I
« w=20mm b= -013
¢ x=0.25mm c= —055
Gear 2 20MnCr5  m =22mm Rz=4.32um « Y=1.59 ol =4141
carburized steel e 2=30 H=970HV ¢ Y,=175 e =0.156
(CHD,,,=0.6mm)  « a=17° E=210GPa f
« w=20mm b= -0.14
¢ x=0.25mm c= —0.59
Gear 3 20MnCr5 « m =3mm Rz=19um ¢ Y,=1.82 o-J’, = 3600
carburized steel e 2=20 H=820HV . Y.=177 & =0.118
(CHD,,,=07mm)  + a=20° E=210GPa f
« w=28mm b= -0.11
« x=0mm c= —-0.7
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FIGURE2 | Gearssamples: (a) Gear 1 and Gear 2; (b) Gear 3. [Colour figure can be viewed at wileyonlinelibrary.com]

The columns of Table 1 report the case study nomencla-
ture (first column: Gear 1, Gear 2, and Gear 3), the material
and surface treatment of each tested gear (second column:
18NiCrMo5 steel for Gear 1, 20MnCr5 steel for Gear 2 and Gear
3; all subjected to a carburizing surface treatment with a case
hardening depth reported in terms of CHD,), the gear geom-
etry (third column: two distinct gear geometries, one for Gear
1 and Gear 2 and another for Gear 3), the mechanical proper-
ties at the tooth root (fourth column: roughness and hardness)
and the ISO 6336 - part 3 standard factors [39] (fifth column:
tooth form factor, Y,, and the stress correction factor, Y). The
strain-life properties required for the SWT-based crack initia-
tion analysis were estimated according to the Roessle-Fatemi
procedure [44], a hardness-based approach developed for
steels when dedicated strain-life fatigue data are not available.
The available tooth root hardness values were used within
this procedure, and the adopted parameter set was selected
consistently with literature data for case-hardened gear steels
[45]. This procedure has already been adopted in gear fatigue
analyses, as reported for example in [46-49]. The adopted
parameter values are reported in Table 1. To summarize, the
study utilized three gears (Gear 1, Gear 2, and Gear 3). These
were categorized into two distinct geometries, with Gear 1
and Gear 2 characterized by the same geometry and Gear 3 by
a different one. Two materials were considered, 18NiCrMo5
for Gear 1 and 20MnCr5 for Gear 2 and Gear 3, both subjected
to carburizing surface treatment.

In order to process the thermal emissions acquired during fa-
tigue tests, the gear was coated with black paint, ensuring a
known emissivity value of 0.95, as recommended in the refer-
ence tables [50].

3.2 | Experimental Setup for Bending Fatigue Test
on Gears

The bending fatigue tests performed for each gear were con-
ducted using the so-called STBF test configuration. The testing
machine used in this activity was a resonance fatigue machine,
which was capable of reaching a testing frequency of up to
174 Hz. Dedicated equipment was specifically designed to per-
form experimental fatigue tests under conditions of high testing

frequency, with the objective of optimizing thermal emissions
acquisition.

Figure 3 illustrates the experimental setup adopted during
the SFBF tests. The STBF configuration ensured precise ap-
plication of the load over the tested teeth near the upper point
of single pair tooth contact [39], which represents the worst
condition during the meshing of the gear. In order to repro-
duce this testing condition, the number of teeth between the
interface parts (element n°4, see Figure 3) was selected ac-
cording to the Wildhaber approach, as typically reported in
the literature [51, 52]. Following this approach, the Wildhaber
measurement, commonly used for gear quality control, is
adapted for STBF testing. More in detail, the Wildhaber mea-
surement is used to control the position of the load applica-
tion so that it is located near the upper point of single pair
tooth contact, as recommended by the Standard [39]. The
evaluation depends on the gear geometry and on the number
of teeth considered between the anvils. Consequently, the
contact radius between the anvil and the loading elements
was controlled through the configuration defined by the
Wildhaber approach. In particular, the position of the con-
tact was adjusted by selecting the appropriate number of teeth
so that the contact radius was located as close as possible to
the point of interest. This point, corresponding to the upper
point of single pair tooth contact, was evaluated according to
the relevant standard [39], and the testing configuration was
calibrated accordingly to ensure that the load was applied
in its proximity. In case of Gear 1 and Gear 2, a total of five
teeth was required because of the similarity in gear geometry
(refer to Table 1). In contrast, Gear 3 necessitated a total of
three teeth.

The alignment between the gear teeth and the loading ele-
ments was ensured by means of calibrated positioning blocks.
A first set of blocks was specifically designed to satisfy the
conditions defined by the Wildhaber approach, allowing the
correct positioning of the gear between the anvils near the
upper point of single pair tooth contact. At the same time, this
configuration fixed the position of the gear so that the contact
point between the teeth and the anvils lay along the load ap-
plication line, ensuring that the desired loading condition was
correctly achieved. Then, a second set of calibrated blocks was

4
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developed to ensure the correct positioning of the gear along
the face width between the anvils. This configuration allowed
the load to be uniformly distributed along the face width
during the test. Consequently, proper contact conditions along
the tooth width were ensured and the repeatability of the ex-
perimental setup was guaranteed. The gear under test was
supported with a pin (element n°5, see Figure 3) during the
STBEF test, with the objective of guaranteeing the correct test-
ing position, particularly in cases of high testing frequency.
This element acts as a gear shaft, providing only support to
the gear and allowing it to adapt its position. When the teeth
are not in contact with the loading elements (element n°4, see
Figure 3), the gear is free to rotate around the pin, since no
mechanical constraints are present. Once contact between the
teeth and the loading elements is established, the rotation of
the gear is prevented, and the tooth is consequently loaded
to reproduce STBF testing conditions in accordance with the
Wildhaber approach. Consequently, the load received by the
lower tooth (element n°7, see Figure 3) was slightly different
compared to the corresponding load that acts on the upper
tooth (element n°8, see Figure 3) because of the pin (element
n°5, see Figure 2).

Al Bk conlipuranon

Exprrimental sefup

The crack propagation analysis was conducted using different
nominal pulsating forces on the basis of the tested gear. Table 2
reports the testing conditions utilized in this activity. More in
detail, each case study (first column: Gear 1, Gear 2, and Gear 3)
was investigated under two different testing conditions (second
column: Load 1 and Load 2). These testing conditions are illus-
trated in terms of maximum (third column: maximum nominal
pulsating force) and minimum (fourth columns: minimum nom-
inal pulsating force) loads during the STBF tests. The load levels
were selected based on a preliminary estimation of the bending
fatigue strength of the gears, performed according to the proce-
dures reported in [39]. Two load levels were then defined within
the finite life region, with the aim of operating under HCF con-
ditions. The selected loads correspond to different force levels,
thus generating different stress conditions at the tooth root. The
fatigue tests were conducted by applying maximum and mini-
mum loads corresponding to a load ratio (R, see Table 2) of 0.1,
as generally adopted for the STBF configuration.

The thermal dissipations produced during the STBF tests were

acquired by means of two identical IR cameras (element n°5, see
Figure 3). Each IR camera is characterized by an IR resolution

| hermial ||i'-up-.-!i|.-'|k detedlion

LIR Camera I Gear 3 Beference sample 4. Interface pari 5 Pin 6. Upper tooth 7. Lower tooth

FIGURE3 | Experimental setup during the STBF tests. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 | Testing conditions during STBF tests.

Maximum nominal

Minimum nominal

Case study Testing condition pulsating force (N) pulsating force (N) Load ratio R

Gear 1 Load 1 —-1800 —18,000 0.1
Load 2 —2000 —20,000 0.1

Gear 2 Load 1 -1650 -16,500 0.1
Load 2 —-1700 -17,000 0.1

Gear 3 Load 1 —3450 —34,500 0.1
Load 2 -3650 -36,500 0.1
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of 640x480 pixels, a spectral range of 7.5-14um, a frame rate
of 30Hz, and a thermal sensitivity (NETD) lower than 30 mK
at 30°C. The IR cameras were positioned at a distance of 0.17-m
distant from the two later faces of the gear (Gear side 1 and Gear
side 2, see Figure 3). Concerning the thermographic measure-
ments, the thermal signal was processed in terms of relative
temperature variation (AT). In order to monitor the environ-
mental temperature during the STBF tests, a sample covered
with black paint was located adjacent to the gear (element n°3,
see Figure 3), and its absolute temperature evolution was re-
corded by the IR cameras. The absolute temperature signals of
the gear were extracted from an area in proximity to the most
stressed zone at the tooth root fillet, indicated in standard [39],
to capture the thermal dissipations generated during the fatigue
tests. Then, the relative temperature AT was obtained as the dif-
ference between the absolute temperature evolution of the tooth
and that of the reference sample, ensuring a consistent evalu-
ation of the relative temperature variation (AT), as commonly
performed in the analysis of specimens.

3.3 | Thermal Dissipations Analysis for the Fatigue
Crack Process Investigation

The topic of thermal dissipations during fatigue tests is well
known in literature in case of classical specimens. Moreover,
several studies have investigated fatigue crack growth in rela-
tion to the heat generated during experimental tests.

In case of classical specimens, the thermal dissipations pro-
duced during the fatigue tests may be investigated in terms of
temperature evolutions and local heating events. Figure 4a
presents a generic temperature evolution profile processed from
thermal dissipations recorded with an IR camera during a fa-
tigue test. The temperature evolution is extracted from the ther-
mogram in a region of interest, typically located at the center of
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the specimen. This profile represents the temperature variations
generated during crack formation throughout the fatigue test.
In general, the temperature evolution is characterized by an
initial heating phase, followed by a stabilized trend correspond-
ing to a uniform heating of the specimen (see Figure 4a, sta-
bilized trend). Subsequently, for load values that remain below
the fatigue limit, the temperature evolution tends to stabilize
(see Figure 4a, dashed red line). This is due to the fact that no
fatigue damages occur during fatigue cycles, and the thermal
dissipations are generated by intrinsic dissipations as anelastic
phenomena or internal damping. In contrast, in tests where the
applied load value exceeds the fatigue limit (see Figure 4a, solid
red line), an additional temperature variation is observed (see
Figure 4a, temperature variation [start temperature increment]),
resulting in a subsequent rapid temperature increment imme-
diately preceding material failure (see Figure 4a, temperature
variation [peak]). In such cases, the predominant intrinsic dis-
sipation mechanism is micro-plasticization or dislocation move-
ments within the material, in comparison to cases with loading
below the fatigue limit. These phenomena consequently lead to
fatigue crack initiation and propagation, involving irreversible
energy associated with plastic strains that is dissipated as heat.
This results in localized heating at the tip of the crack, leading to
temperature increments after the stabilized trend. As part of this
analysis, local heating events that appear on the thermal maps
of the thermogram are also considered during the investigation.
These phenomena generally represent the final stage of crack
propagation immediately before failure. In the specific case of
specimens, the thermal dissipations detection can be easily per-
formed by means of just one IR camera or thermocouples. This
is because the specimen can be considered thin. As a result, the
analysis is carried out independently of the position of the ther-
mal camera.

On the other hand, for thick geometries such as gears, a different
approach is required, as the phenomena under study may evolve

(B}

Mhermal Maps cvolotion during 51THEF

1~ Lascal heating

FIGURE 4 | Thermal dissipations: temperature evolution variations (a) and local heating over thermal maps for gears (b). [Colour figure can be

viewed at wileyonlinelibrary.com]
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in different directions along the face width of the geometry (see
Section 2). For this aim, the thermal dissipations were acquired
over the two lateral sides of the tested gear (Gear side 1 and Gear
side 2, see Figure 3) by means of two IR cameras until the fail-
ure occurred. The thermal dissipations at the upper tooth (see
element n°6 in Figure 3 of Section 3.2) were considered for the
analysis, since the load involved during the STBF tests corre-
sponded to the actual nominal pulsating force (see Section 3.2).
In order to facilitate the analysis in case of gears, the follow-
ing considerations can be drawn from a generic thermal map
evolution (see Figure 4b) produced in case of gears under STBF.
During the preliminary phase of the STBF tests, a uniform heat-
ing could be observed for the pixels involved in the tooth under
investigation (see Figure 4b, thermal map: 1 - uniform heating).
After that and near the conclusion of the STBF test, some local
heating events may appear at the tooth root (see Figure 4b, ther-
mal map: 2 - local heating). These phenomena are attributed
to the dissipation of plastic strains in terms of heat at the crack
tip near the external side. This enables the identification of the
crack even when it remains internal to the gear and not exter-
nally visible. Subsequently, this local heating events increases in
terms of both temperature increment and size once the tip of the
crack moves toward the outer sides (see Figure 4b, thermal map:
3 - local heating). At the end, the failure of the tooth occurs (see
Figure 4b, thermal map: 4 - failure). These thermal dissipations
behavior of gears under STBF condition was found to be com-
parable to that described in [5] for specimens in terms of profile
of the temperature evolution and local heating events. The only
difference lies in identifying the entire crack process from tem-
perature variations that occur during the temperature evolution.
In specimens, the crack process can be identified by observing
temperature variations and local heating events during the fa-
tigue test, in accordance with [4-7]. Crack nucleation is associ-
ated with a deviation from the stabilized temperature trend (see
Figure 4a, crack nucleation from specimen) and local heating
events can then be detected over the surface of the specimen as
a consequence of the propagation process. On the other hand,
in the context of gears subjected to STBF testing, it is difficult to
detect the entire crack process directly from temperature vari-
ations along the temperature evolution or local heating events
dissipated from the external sides. This is because crack nucle-
ation occurs along the face width of the geometry (see Section 2),
which can make it difficult to detect through temperature evo-
lution. In addition, the propagation exhibits an asymmetric
distribution toward the external sides, as the nucleation point
is not centrally located along the face width (see Section 2).
Thus, the thermal dissipations observed during the STBF test
are characterized by uniform heating with a quite stable tem-
perature evolution trend, followed by temperature variations (in
terms of deviation from the stable trend or temperature peaks)
and several local heating events. Furthermore, as the crack tip
approaches the outer side, the crack related phenomena become
more pronounced. This is evidenced by local heating at the tooth
root, which progressively increases in size and extends over a
significant portion of the root region. It is important to note that
this behavior is expected to follow distinct evolutions depending
on the side of the gear analyzed, as a consequence of the differ-
ent crack propagation along the face width of the gear.

For the specific purpose of crack process investigation in gears
subjected to STBF conditions, thermal signals were extracted

from a region of interest (ROI) located in proximity to the most
stressed zone, the tensile tooth root, respectively, of the upper
tested tooth. Due to the uniform heating of the tooth root during
most of the STBF test, the size of the selected area has a limited
influence on the average temperature value. Therefore, the di-
mensions of the selected area were chosen to effectively capture
the onset of localized heating occurring at the tooth root fillet,
as soon as it became detectable from the external side. Then, the
same area size was adjusted for both lateral sides of the gear,
so that thermal data were always extracted from regions with
identical dimensions. This procedure was applied to both lat-
eral sides of the gear. The environmental temperature was also
extracted over the reference sample (element n°3, see Figure 2).
Consequently, the AT was considered as the temperature signal
generated during the STBF test.

4 | Finite Element and Fatigue Crack Initiation
and Growth Analysis

Fatigue crack growth (FCG) is commonly examined by distin-
guishing two principal phases: crack nucleation and crack prop-
agation. Furthermore, as shown in [53], under HCF conditions
the overall fatigue process is predominantly governed by the nu-
cleation stage, with a markedly lower contribution from crack
propagation. Consequently, engineering analyses have focused
on the evaluation and prediction of crack initiation using ap-
proaches based either on conventional stress-life (S-N) relation-
ships derived from empirical data or on more advanced models
capable of capturing local material behavior and damage accu-
mulation [54-56].

Figure 5 illustrates the numerical procedure adopted to estimate
the total tooth bending fatigue life of the gear. The model con-
sists of two interconnected phases. The first phase involves the
analysis of a single fatigue loading cycle experienced by the tooth
(or the gear) under STBF conditions. From this initial analysis,
the stress and strain tensors required for the application of criti-
cal plane criteria are extracted. A strain-life approach is adopted
to estimate the number of cycles to crack nucleation, specifically
using the SWT criterion. In addition to the number of cycles,
this criterion also provides information on the crack nucleation
location (with reference to the mesh nodes) and on the orien-
tation of the early crack propagation. This information is then
used to define the initial crack location on the analyzed compo-
nent. Once the initial crack position is established, an iterative
loop is performed to propagate the crack, update the mesh, and
refine it where necessary. This procedure is repeated until the
appropriate iteration is reached, corresponding to the numer-
ical failure of the component. The entire cycle was developed
by the authors in Python and directly implemented within the
software. The numerical algorithm can be found in Appendix.

4.1 | Finite Element Model: Crack Initiation
Analysis

To determine the crack nucleation location and the corre-
sponding theoretical number of cycles, it was necessary to
compute the cyclic stress and strain tensors induced by the
tooth bending cyclic load. These quantities were obtained

Fatigue & Fracture of Engineering Materials & Structures, 2026

85U80| 7 SUOWILIOD aATeaD 3|qedljdde aup Aq peusenob afe ssp e YO @SN JO'Sa|nl 10) Akiqi]8uljuO A1 UO (SUONIPUOD-PUE-SWLBY/WIOD" A3 | 1M AfeJq 1 BU1UO//SAY) SUONIPUOD pue SWwie | 8y} 88S *[920z/0T/80] U0 Akiqiauljuo A8|iM ‘ outiol 1d Miod A (919 SIS 0ULI0 ] 1Q 001UdBljod - 0Jes10D BoN T AQ TEFOL 94/TTTT OT/I0P/0D A3 | AReq1uljuo//Sdny Wwouy papeojumod ‘0 ‘S69209T



through a finite element analysis performed using the open-
source software Salome-Meca/Code_Aster. The boundary
conditions adopted for this simulation will be described in the
following section, as they are identical for each analysis iter-
ation. The geometry used for the numerical simulation was
generated using the characteristic geometric parameters of
the gears, as summarized in Table 1. A linear elastic material
model was adopted for the FE analyses, in accordance with
the HCF regime investigated in this work. The elastic param-
eters were assigned according to the material considered and
are reported in Table 1. The case-hardened surface layer was
not modeled as a separate material layer with depth-dependent
mechanical properties. Its effect was considered through the
experimentally available information reported in Table 1,
namely, the case hardening depth and the tooth root hardness.
Residual stresses induced by the case-hardening treatment
were not explicitly included in the numerical model, since no
experimental measurements of the residual stress profile were
available for the investigated gears.

To ensure that the nominally generated geometry accurately rep-
resented the actual gear geometry under investigation, the real
tooth profile was directly acquired from the samples (gears) used
in STBEF tests. This procedure allows additional checks on the reli-
ability of the numerical simulation, since the use of a nonrepresen-
tative geometry could prevent the model from reproducing the real

BC, Geomelry, mesh and
material

T by
PRrAMmelars

mechanical behavior. This aspect is particularly critical given that
the tooth root region is the most highly stressed and is employed
in all subsequent numerical analyses and evaluations. For the ac-
quisition of the tooth profile, a profilometer (SM Metrology System
PGS200) was employed. To ensure the correct positioning of the
gear during the measurement, a dedicated support was manufac-
tured using 3D printing. Figure 6 shows the geometry, the mesh
and the superposition of the nominal and measured profiles. As
can be observed, the two profiles differ significantly. In particu-
lar, for the gear with module m =3, the nominal tooth root fillet
radius was 0.6 mm, whereas the experimentally measured radius
was 1.25mm. Conversely, for the gears with module m=2.2, the
measured fillet radius was consistent with the nominal one. This
procedure made possible to perform the numerical simulations
using an accurate geometry, thereby ensuring the reliability of the
obtained results.

Once the 3D model was generated, the components were dis-
cretized through a mesh, with local refinement in the regions
of greatest interest, namely, the contact area with the punch
and the crack nucleation region. For each case, a mesh com-
posed of tetrahedral elements was generated. The initial num-
ber of elements was approximately 200k and 260k for the gear
with module m =2.2 and module m = 3, respectively. It should
be noted that, during the crack propagation analysis, the mesh
islocally refined and coarsened; therefore, the total number of
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FIGURES5 | Numerical algorithm. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 | Finite element model definition. [Colour figure can be viewed at wileyonlinelibrary.com]
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elements changes throughout the simulation. The minimum
element size adopted for each case was determined through a
sensitivity analysis performed on the Von Mises stresses at the
tooth root fillet. Subsequently, the first analysis was carried
out by reproducing the experimental STBF test conditions.
The maximum element size in the regions of interest, such as
the punch contact area and the tooth root fillet radius, was set
toa=0.25mm.

To reproduce the STBF test conditions, appropriate boundary
conditions were imposed. As illustrated in Figure 6, surface-
to-surface contact interactions, highlighted in orange, were
defined between the punch surfaces and the correspond-
ing tooth flanks. A cyclic force F was applied to the loading
punch, in the same direction as in the experimental setup,
whereas the opposite punch was used as a support. The sup-
port punch was fully constrained to reproduce its fixed con-
dition in the test rig. The gear was constrained at the central
bore, where the supporting pin is located in the experimental
setup. This constraint prevents the translational motion of the
gear while allowing its rotation around the axis of the central
bore. In this way, the load was transferred to the gear tooth
through the contact interaction between the loading punch
and the tooth flank, while the support punch and the central
bore constraint reproduced the experimental boundary con-
ditions. In the numerical model, contact interactions were
handled using the standard continuous contact formulation
available in Code_Aster, based on an augmented Lagrangian
approach. The contact constraints were enforced through
Lagrange multipliers, providing a robust treatment of the con-
tact problem, although this may increase the computational
cost of the simulation.

4.2 | Fatigue Crack Initiation Model

As mentioned in the previous section, the SWT criterion was
employed to estimate the number of cycles to crack nucleation
and to determine both the location and the orientation of the
early crack propagation [37, 38]. This criterion identifies the crit-
ical plane as the plane experiencing the maximum strain range
A€, ma, during the cyclic load. The fatigue life associated with
the damage referred to this critical plane is described by the fol-
lowing equation:

Ae 0'}2
n,max _ . 2b ro, b+c 1
== @N)* + 6} - €} - (2N) €))

) * On,max

/

f
cient, b is the fatigue strength exponent, e} is the fatigue ductility

where E is the elastic modulus, ¢, is the fatigue strength coeffi-

coefficient, and c is the fatigue ductility exponent. The left-hand
side of the equation represents the fatigue indicator parameter
calculated using the SWT criterion. Because it is based on the
combined effect of the normal strain amplitude and the maxi-
mum normal stress acting on the critical plane, the SWT crite-
rion is particularly suitable for fatigue problems dominated by
tensile/normal stress components, such as tooth root bending
fatigue, where crack initiation is expected to occur mainly under
mode-I-dominated conditions [45]. Because it relies on the com-
bined evaluation of stress and strain, similarly to the Fatemi-
Socie criterion [36], this model is applicable to both HCF and

low-cycle fatigue (LCF) analysis. The strain life properties nec-
essary for the cyclic analysis were found thanks to the method
described in [46].

4.3 | Fatigue Crack Propagation Model

The crack propagation phase was developed directly within
the FEM software by means of XFEM. As mentioned in the
previous sections, an iterative loop was implemented to allow
mesh refinement at each propagation step. After the crack nu-
cleation location and orientation were identified, an initial el-
liptical crack with semilength a0 =0.5mm was introduced into
the model to start the XFEM-based propagation analysis. This
initial crack size was selected as a small numerical defect, suffi-
ciently limited with respect to the gear face width, in order to ap-
proximate the early propagation stage without imposing a crack
extending through the entire thickness of the gear. The use of
an assumed initial crack size represents a modeling approxima-
tion, since the exact crack size at the end of the nucleation phase
could not be directly determined from the available experimen-
tal measurements.

Each step consists of simulating the cyclic loading of the cracked
configuration. The stresses evaluated at the crack tip were then
used to drive crack propagation according to the Paris law, re-
ported in Equation (6).

da _ m 2
oy = C(AK) @

Once the crack has propagated, the mesh is further refined
in the regions of interest to ensure higher computational ac-
curacy in the subsequent stages. After completing this proce-
dure, the updated crack geometry together with the refined
mesh is employed to repeat the FEM analysis and propagation
cycle, until a critical step corresponding to component failure
is reached.

The developed code allows the specification of a maximum
crack growth increment per step. As output, the model pro-
vides the number of cycles required to reach such propagation.
The iterative loop was terminated when the number of cycles
required to produce a crack increment of Ada,,,, approached
unity (i.e., approximately one cycle), indicating that failure
would occur without the need for further cyclic loading. To
reduce the computational cost, a mesh de-refinement strategy
was also adopted in regions no longer affected by crack prop-
agation, in order to avoid an excessive increase in the compu-
tational burden of the simulation. This procedure is described
in detail in Appendix. At the end of both stages, the sum of
the cycles associated with crack nucleation and propagation
provides the final numerical estimation of the fatigue life of
the component.

5 | Results

In this section, the results obtained from the adopted numeri-
cal approach were combined with thermal dissipations derived
from the experimental STBF tests.
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First, the tooth root stresses computed through FEM analysis
were compared with the theoretical values calculated according
to the relevant standard [39].

Table 3 reports the results for each case study (Gear 1, Gear 2,
and Gear 3 in the first column) and for each testing condition
(Load 1 and Load 2 in the second column). The reported val-
ues are referred to the theoretical tooth root stress calculated
according to Standard (ISO 6336 - Part 3 [39], see third column)
and those obtained from the FEM simulations (3D XFEM, see
fourth column). Then, an error in the computation is reported
(error, see fifth column). As can be observed, the differences
with respect to the FEM results do not exceed 5%. These rela-
tively small discrepancies may be attributed to surface effects or
modeling simplifications that cannot be fully captured within
the numerical analysis.

The overall fatigue life of the component was estimated and
compared with the experimentally measured fatigue life of
the gears.

The main results concerning the crack process are presented in
Table 4. The results are reported for each case study (Gear 1, Gear
2, and Gear 3 in the first column) and for each testing condition
(Load 1 and Load 2 in the second column). The number of fatigue
cycles involved in the nucleation (N°cycles — nucleation [numerical
result], see third column) and propagation (N°cycles — propagation

TABLE 3 | Tooth root stress analysis.

ISO 6336
- part 3D
Testing 3 [39] XFEM  Error
Case study condition (MPa) (MPa) (%)
Gear 1 Load 1 1089 1124 3.26
Load 2 1210 1260 4.17
Gear 2 Load 1 998 1039 412
Load 2 1028 1054 2.52
Gear 3 Load 1 1243 1305 4,96
Load 2 1315 1384 5.22

TABLE 4 | Crack process: nucleation, propagation and failure.

[numerical result], see fourth column) phases were evaluated from
numerical models (see Section 4). Then, the corresponding num-
ber of cycles at which failure occurs (N°cycles - failure [experi-
mental result], see fourth column) was experimentally obtained
from STBF tests. The first ratio presented in the Table 4 (ratio nu-
cleation vs. failure, see fifth column) represents the fraction of the
nucleation phase with respect to the total fatigue life. On the other
hand, the second ratio (ratio total life vs. failure, see sixth column)
represents the value between the numerical prediction of failure
and the corresponding experimental fatigue life to failure. A value
below 100% indicates a conservative prediction, meaning that the
component is predicted to fail earlier in the simulation than in the
real test; conversely, a value above 100% indicates that failure is
predicted later than experimentally observed. From the analysis
of Table 4, the following considerations can be drawn. It can be
observed that there is a discrepancy in the number of fatigue cy-
cles that led to the failure of Gear 2. The reason was attributed
to the slight difference between the two testing conditions, Load
116,500N and Load 217,000N, respectively. In all cases except
one, crack nucleation accounts for the predominant portion of the
overall fatigue life (see ratio failure vs. nucleation), as documented
in literature [53]. Furthermore, the numerical model provides
conservative predictions with respect to the number of cycles as-
sociated with the propagation phase (see fifth column, ratio fail-
ure vs. total life). In particular, the component was predicted to
fail slightly earlier than observed in the experimental tests. For
all cases, except for Gear 2 - Load 2, there was good agreement
between the numerical and experimental results. The maximum
discrepancy was found in the aforementioned case, where the nu-
merical model predicts only about 20% of the actual fatigue life of
the component. For all other cases, a satisfactory correlation was
obtained, generally with conservative predictions compared to the
experimental tests.

Moreover, the numerical results in terms of the actual crack nu-
cleation location were evaluated. The nucleation points obtained
from the proposed numerical approach 3D FEM +SWT, see
Section 4.2) was in agreement with that expected along the face
width of the geometry (see orange point in Section 2).

The results obtained from thermal dissipations analysis are now
presented. The temperature evolution profiles, in term of AT,
were processed following the procedure outlined in Sections 3.2
and 3.3.

Ne¢cycles Ne¢cycles Ratio
nucleation propagation Ne¢cycles - failure nucleation Ratio total
Testing (numerical (numerical (experimental vs. failure life vs.

Case study condition model) (cycle) model) (cycle) result) (cycle) (%) failure (%)
Gear 1 Load 1 102,201 5012 125,275 82 86
Load 2 42,001 3249 46,927 90 96
Gear 2 Load 1 67,801 6906 74,893 91 100
Load 2 56,301 9119 86,598 65 76
Gear 3 Load 1 152,701 12,197 185,121 82 89
Load 2 87,001 3497 93,203 93 97
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Figure 7 illustrates the results obtained from Gear 1, presented
for each loading condition (see Load 1 and Load 2). As illus-
trated in Figure 7, the left side of each box (see Temperature evo-
lutions) reports the AT extracted from the thermogram of each
side (Side 1 and Side 2) of the gear under study. The green colors
represent results obtained with the lowest load (Load 1), while
the red colors refer to the highest load (Load 2). Furthermore,
the darkest colors are associated with Side 1, while the lightest
colors correspond to Side 2. The number of cycles representative
of the crack nucleation, evaluated from numerical models (see
Table 4), is reported for each loading condition (see black lines in
Figure 4, crack nucleation [numerical model]). A magnified rep-
resentation of the final portion of the STBF test is also presented
in the upper left region of the temperature evolution. Moreover,
thermal maps corresponding to selected number of cycles iden-
tified along the temperature evolution (see left side of Figure 4,
circles reported over the temperature evolution) are shown on
the right side of Figure 7. In particular, a thermal map was ex-
tracted near the potential number of cycles corresponding to
the crack nucleation identified from the numerical model. After

that, thermal maps were extracted when temperature variations
were detected along the temperature evolution (in terms of devi-
ation from the stable trend or temperature peaks). The analysis
was conducted for each side of the gear under study. The fol-
lowing considerations can be drawn from the results obtained
for the Gear 1 case study. For each load, different thermal dissi-
pations were shown by the two gear sides during the STBF test.
The temperature evolutions near the expected crack nucleation
cycles are often not characterized by temperature variations in
terms of AT increment from the stable trend. In contrast, this
is the classical expected phenomenon observed in specimens,
where temperature variations (AT increment) occurring prior
to failure are always indicative of their crack nucleation phase
(see Section 3.3). On the other hand, for gears, this aspect was
not always distinguishable, as temperature variations during
the nucleation phase may quickly dissipate within the geome-
try or may not be detected on the side of the gear far from the
nucleation zone. In fact, as shown in Figure 7, only one tem-
perature evolution showed a variation in terms of AT increment
close to the possible number of cycles related to crack nucleation
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FIGURE 7 | Temperature evolution and thermal maps for Gear 1. [Colour figure can be viewed at wileyonlinelibrary.com]
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(see temperature evolutions on the left side of Figure 7, n°4 in
case of Load 2). The other temperature evolutions showed two
different behaviors. The first was a relatively stable trend (see
temperature evolutions on the left-hand side of Figure 7, n°1
and n°5 in the case of Load 1), suggesting the dissipation of the
temperature variation within the geometry. The second con-
sisted of temperature variations occurring immediately after
the cycles associated with the nucleation phase and prior to
final failure (see temperature evolutions on the left-hand side
of Figure 7, n°1 in the case of Load 2), indicating the possible
detection from the side opposite to that where the nucleation oc-
curred. Furthermore, no local heating events were detected over
the thermal maps corresponding the possible number of cycles
representative of the nucleation phase, as a quite uniform tem-
perature field was observed over the tooth (see thermal maps on
the right side of Figure 7, n°1 and n°5 in case of Load 1 or n°1
and n°4 in case of Load 2). After the expected nucleation phase,
the temperature variations observed in the final part of the test
can be divided into two possibilities. The first possibility was

the classical deviation from the stable temperature evolution
(see left side of Figure 7, temperature variation [start AT incre-
ment]). In the context of gears, the propagation phase may also
contribute for this temperature variation from the stable trend if
the AT increment occurs after the nucleation phase. This is due
to the plastic deformation energy released at the crack tip during
its propagation as it approaches the outer sides of the gear, be-
coming detectable. In this instance, once the temperature vari-
ation in terms of AT increment was identified (see temperature
evolutions on the left side of Figure 7, n°2 and n°6 for Load 1 or
n°2 and n°4 for Load 2), the corresponding thermal maps was
initially characterized by uniform heating from the tooth under
investigation, with no significant local heating (see thermal
maps on the right side of Figure 7, n°2 and n°6 for Load 1 or
n°2 and n°4 for Load 2). Then, crack propagation was observ-
able from the external lateral sides of the gear only during the
final stage of the temperature evolution. Moreover, at this stage,
further temperature variations and local heating events became
clearly visible. In this case, a second possibility of temperature
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variation was identified along the temperature evolution prior
to the occurrence of failure, the presence of peaks, respectively.
In particular, this variation may also occur before the final peak
associated with failure (see temperature evolutions on the left
side of Figure 7, n°3 and n°7 for Load 1 or n°5 for Load 2). In
addition, local heating events were identified on thermal maps
in proximity to the tooth root zone for this thermal variation (see
thermal maps on the right side of Figure 7, n°3 and n°7 for Load
1 or n°5 for Load 2). This phenomenon can be attributed to the
nucleation of additional cracks subsequent to the propagation of
the initial crack toward the external lateral sides. Subsequent
temperature variations corresponding to the peak preceding
failure were detected along the temperature evolution, in accor-
dance with the specimens behavior (see temperature evolutions
on the left side of Figure 7, n°4 and n°8 for Load 1 or n°3 and n°6
for Load 2). In this case, the local heating reaches its maximum
extension just before failure, covering nearly the entire region
between the tooth roots of the tooth under test (see thermal
maps on the right side of Figure 7, n°4 and n°8 for Load 1 or n°3
and n°6 for Load 2).

Figures 8 and 9 present the results obtained from Gear 2 and Gear
3 case studies, which are illustrated in a manner similar to that
of Figure 7 (Gear 1 case study). The following considerations can
be pointed out. For the Gear 2 case study, the crack nucleation
phase was identified in areas where no temperature variations
were observed (Load 2), while AT increments were detected prior
to the estimated cycles associated with crack nucleation (Side 1
for Load 1). This could be related to the uncertainty in the es-
timation of the crack process by the numerical model. For Gear
3 (Figure 9), the potential crack nucleation phase was identified
close to temperature variations in terms of AT increment along
the temperature evolution. In particular, these temperature vari-
ations occurred at different numbers of cycles on the two sides of
the gear. Moreover, the AT increment was observed immediately
after the crack nucleation phase, which may be directly related to
this phase. Consequently, temperature variations observed on the
opposite gear side can be attributed to crack propagation toward
the external side opposite to the nucleation location. In any case,
no local heating events were detected over thermal maps in prox-
imity when the crack nucleation phase was expected for almost
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FIGURE9 | Temperature evolutions and thermal maps for Gear 3. [Colour figure can be viewed at wileyonlinelibrary.com]
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all the investigated case studies. However, for Load 1 of the Gear 3
case study, a significant AT increment was observed immediately
after the expected nucleation phase (see temperature evolutions
on the left-hand side of Figure 9, n°5 for Load 1). This variation
also led to local heating at the tooth root (see thermal maps on the
right side of Figure 9, n°5 for Load 1). For both Gear 2 and Gear
3, the crack propagation became visible only during the final part
of the STBEF tests, as also observed for Gear 1 (Figure 7). More in
detail, temperature variations in terms of peak preceding failure
occurred on the temperature evolution. Furthermore, local heat-
ing events appeared near the tooth root immediately after the AT
increment preceding failure. Their size progressively increased,
reaching a maximum just before failure and covering nearly the
entire region between the tooth roots of the tested tooth. The only
observed difference was the presence of a single peak along the
temperature evolution, instead of multiple temperature variations
in terms of peaks, prior to those related to failure. It is important

to note that the Gear 2 case study exhibited an anomalous num-
ber of fatigue cycles to failure in the experimental tests, as it was
lower for the lowest load. In any case, the behavior of thermal
dissipations during crack evolution was analyzed to investigate
how temperature variations and local heating events can be used
to describe the phenomena under study.

The previous considerations obtained from the case studied
(Gear 1, Gear 2, and Gear 3) showed that the investigation of
crack process may be conducted independently of the magnitude
reached during the STBF test, by focusing exclusively on the pro-
file of the temperature evolution itself. This was supported by the
clear similarities observed in the thermal dissipation behavior
compared with specimens (see Section 3.3). Consequently, the
crack process was investigated along the temperature evolution
by considering AT increments from the stable trend or peaks phe-
nomena. Based on the observed results for all the investigated
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FIGURE 10 | Crack path comparison before failure. [Colour figure can be viewed at wileyonlinelibrary.com]
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case studies, the detection of crack tip propagation can be de-
scribed through the combined analysis of temperature evolutions
and thermal maps. In particular, deviations from the quite stable
thermal trend are associated with the progressive approach of the
crack tip toward the external sides of the gear, as a consequence

of increasing energy dissipation at the crack tip, which produces a
nearly uniform heating at the tooth root zone. At the same time,
thermal maps provide spatial information: Localized heating
events become clearly detectable only when the crack tip is suffi-
ciently close to the external surfaces, progressively outlining the
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FIGURE11 | Crack process comparison: numerical results and fractographic analysis. [Colour figure can be viewed at wileyonlinelibrary.com]
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crack path up to final failure. This combined approach allows for
the identification of crack propagation even when the crack is not
yet directly visible on the external surface.

A further analysis related to the crack path evolution was
also carried out. More in detail, a comparative analysis was
conducted between thermal maps and numerical results, con-
sidering three distinct number of cycles. The analysis was
performed on the later face of the gear where the crack was
well visible through thermal phenomena. Figure 10 shows the
results for two case studies with different gear geometries,
Gear 2 and Gear 3, respectively. The analysis is reported for
two representative load conditions. The initial investigation
focused on a number of cycles at which the crack became
visible on the thermogram at the external lateral face of the
gear (see Figure 10, letter a). The second thermal map under
consideration was a number of cycles between the previous
one and that related to the gear failure (see Figure 10, letter
b). Finally, the last available thermal map prior to the fail-
ure was analyzed (see Figure 10, letter c). The numerical re-
sults, in the form of circular shaded images representing the
crack path evolution, were extracted from the final stage of
the crack propagation simulation and then positioned on the
corresponding thermal map. From the analysis of Figure 10,
the evolution of the crack process was evident through dis-
tinguishable thermal dissipations within the gear. This was
characterized by localized heating in proximity to the crack
location, particularly at the tooth root zone. This phenome-
non became more pronounced as the crack evolved toward
the lateral face of the gear, in agreement with the XFEM re-
sults. Furthermore, the maximum crack path evolution well
matched with the numerical model, as the thermal dissipa-
tions clearly highlighted the crack location at the tooth root.
Moreover, the last thermal map detected for the Gear 3 case
study (see Figure 10, letter c for Gear 3 - Load 1) corresponded
to the number of cycles at which the crack extends along the
entire face width of the gear, immediately prior to failure.

As an example, Figure 11 compares the crack process pre-
dicted by 3D XFEM numerical models (see Figure 11a) with the
corresponding fractographic observations (see Figure 11b,c).
Figure 11b,c shows the fractographies of Gear 1 and Gear 3,
highlighting the fracture surfaces of both teeth and pinions. The
fracture surfaces mainly reveal two classical distinct regions: a
fatigue crack propagation zone and the area associated to the
final fracture. No clear beach marks were observed, probably
due to the high load levels applied during the STBF tests. On
contrary, ratchet marks were visible, confirming the presence
of high tensile stresses [40, 57]. The observed fracture patterns
indicate an asymmetric crack nucleation along the face width,
leading to a nonuniform crack propagation across the tooth sec-
tion. These results also consistent with the asymmetric thermal
dissipations observed from the two lateral sides of the gear and
in agreement with the results of the numerical model.

6 | Conclusions

In this study, the combination of IR Thermography and 3D
XFEM numerical models was adopted for the investigation of
crack mechanisms in gears. The investigation was conducted

for three different case studies, incorporating both experimental
activities and numerical models.

The experimental results showed that the crack process in gears
can be effectively investigated through thermal dissipations,
analyzed in terms of temperature evolutions and local heating
events. In particular, the study highlighted that crack nucleation
is not always directly detectable from temperature variations,
due to the three-dimensional geometry of the component and
the position of the nucleation zone within the face width. On
the other hand, crack propagation becomes progressively more
evident through deviations from both quite stable thermal trend
and appearance of localized heating, especially when the crack
tip approaches the external surfaces.

The numerical analysis, based on a 3D XFEM framework com-
bined with a critical plane fatigue criterion and the crack propa-
gation governed by the Paris law, provided useful support for the
interpretation of experimental observations. In particular, the
model enabled the estimation of crack nucleation location and
propagation path.

The comparison between numerical predictions and experimen-
tal evidence confirmed the asymmetric crack propagation along
the face width and the capability of the proposed approach to de-
scribe the crack process even when the crack is still internal and
not directly noticeable. Fractographic analysis further supported
these findings by revealing fracture patterns consistent with
thermal dissipations and numerical predictions, particularly in
terms of asymmetric crack nucleation and nonuniform propaga-
tion along the tooth section. It is important to note that the aim of
the present work was to investigate the evolution of the crack pro-
cess through the thermal dissipations and to assess the capabil-
ity of the proposed combined experimental-numerical approach
for crack process analysis in gears under STBF conditions. In
this context, the experimental investigation was conducted on a
limited number of case studies and tests, as it was intended to
support the methodological development rather than a statistical
fatigue characterization. In addition, the numerical model was
based on a simplified material representation. In particular, the
residual stress fields induced by the carburizing process were not
included, and the gradient of mechanical properties due to the
case-hardened layer was not explicitly modeled. These aspects
may influence both crack initiation and propagation behavior
and should be considered in future developments.

Overall, the proposed methodology demonstrates the potential
of combining IR Thermography with numerical modeling for
the investigation of fatigue crack processes in real mechanical
components. The approach can support the identification and
interpretation of crack evolution, providing a useful tool for fur-
ther studies aimed at improving the understanding of fatigue
behavior in gears.

Nomenclature

a semilength of the initial crack (mm)
b fatigue strength exponent (—)

c fatigue ductility exponent (—)
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C Paris law coefficient (MPa\/ m)

da .. maximum advancement per cycle (mm)

E Young's modulus (MPa)

H surface tooth root hardness (HV)

R ax maximum element size in refined mesh (mm)
m Paris law exponent (—)

m, normal modulus

n number of iterations ()

N number of cycles (—)

R load ratio (F;, /F,...) O

Rz tooth root roughness (Rz)

w face width (mm)

X shift profile, x (-)

Yo tooth form factor (-)

Yy stress correction factor (=)

z number of teeth (-)

a pressure angle (°)

6} fatigue strength coefficient (MPa)

Onmax ~ Maximum normal stress on the critical plane (MPa)
AK Stress intensity factor range (MPa\/ m)
A€, gy Maximum normal strain range on the critical plane (-)
e} Fatigue ductility coefficient (—)

5—; crack growth rate (mm/cycle)

Data Availability Statement

Data are available on request from the authors.
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Appendix A

ALGORITHM1 | Fatigue Crack Growth Analysis.

1: Input: Cyclic load parameters (R=0.1), material properties, Paris law constants
2: Run initial FEM simulation under cyclic load
3: Extract time-dependent stress and strain tensors
4: Apply SWT criterion using Python script
5: Determine crack initiation point and orientation
6: De ne number of iterations=n
7: for i=1,. .., n do
8: Insert initial crack (elliptical surface, a=0.05mm)
9: Refine mesh locally:
Max element size: h . =a/10
Refinement area radius: 2 - da .
10: while local mesh density not sufficient do
11: Further local refinement
12: end while
13: Propagate crack by da . using FEM simulation
14: Compute number of cycles for increment via Paris law
15: Update crack orientation and geometry
16: while propagation not complete do
17: Compute error field near current crack front
18: Refine mesh in high-error zones
19: Derefine mesh in low-interest regions
20: Propagate crack by da__,
21: Update cycle count and geometry

22: end while

23: end for

24: Compute total nucleation cycles (from SWT)

25: Sum propagation cycles

26: Output: Total cycles to failure=nucleation + propagation

The fatigue crack growth analysis is carried out following the workflow reported in Algorithm 1. The procedure starts with an initial FEM analysis
performed under cyclic loading conditions, which is required for the application of the SWT criterion. This preliminary analysis is aimed at identi-
fying both the crack nucleation location and the corresponding critical plane orientation. A cyclic load with a load ratio of R=0.1 is applied, and the
time-dependent stress and strain tensors are extracted from the simulation. The load levels adopted in the analysis are derived from a previous ex-
perimental campaign conducted to estimate the fatigue limits of the two investigated materials. A dedicated Python script is then employed to apply
the SWT criterion and determine the crack nucleation point together with the associated critical plane orientation. Based on this information, an
initial crack is automatically inserted into the model at the identified location. The initial defect is defined as an elliptical surface crack with a length
of a = 0.05mm. Before performing the first crack propagation step, a local mesh refinement is carried out in the vicinity of the crack. The refinement
strategy is defined by imposing a maximum element size equal to h,, = a /10 within a surrounding region having a radius equal to 2 - da,,,,. The
mesh refinement procedure is automatically repeated until the required local mesh density is achieved.

Once the required local mesh density is reached, the first crack propagation step is performed. The crack advance is governed by the predefined
maximum increment da,,,,, and the number of cycles required to achieve this increment is computed using the Paris law. In addition to the cycle
count, the analysis provides the updated crack geometry and propagation orientation. Following this initial propagation step, the code enters an
inner iterative loop in which an error field is evaluated in the vicinity of the current crack front. Based on this error field, the mesh is locally refined
in regions characterized by high numerical error, while a de-refinement strategy is simultaneously applied in areas no longer relevant to the crack
propagation. This adaptive meshing procedure is adopted to control the computational cost and is repeated until the desired numerical accuracy is
achieved. The crack is then propagated again by an increment equal to da,,,,, and both the crack geometry and the corresponding cycle count are
updated. This sequence of crack propagation, error field evaluation, mesh refinement and derefinement is repeated until the propagation process is
completed, as controlled by the outer loop of the algorithm. At the end of the simulation, the total number of cycles associated with crack nucleation is
obtained from the SWT criterion, while the total number of cycles required for crack propagation is computed by summing the cycles corresponding
to each propagation step. The sum of these two contributions represents the predicted fatigue life of the component and is finally compared with the
experimentally measured number of cycles to failure.
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