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Abstract

The structural integrity of gears is crucial for their performance and longevity, particularly in
applications where safety is crucial, as in aeronautical applications. In particular, thin-rim
gears may face catastrophic or safe failure according to the crack propagation direction.
Experimental data about this topic are very rare in the literature. This study investigates
the effects of gear geometry, specifically the backup ratio, on crack propagation behavior
and fatigue limit by means of experimental fatigue tests performed using an original setup
of single-tooth bending test. Results confirmed that gears with lower backup ratios exhibit
higher stress concentrations and an increased likelihood of catastrophic failure.
Comparisons with existing literature suggest that for intermediate backup ratios, crack
propagation direction is influenced by both geometry and operational factors such as
centrifugal loads. The findings provide essential insights into gear design optimization,
emphasizing the importance of backup ratio selection in ensuring safe and predictable

failure modes.
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1. Introduction

In applications where weight reduction is crucial, minimizing the amount of material used in
all system components becomes essential. Gears, being critical load-transmitting
elements, can also be optimized for weight by removing material in the area between the
base of the teeth and the hub. This design approach leads to the development of so-called

lightweight or thin-rim gears.

However, while reducing mass, this geometry introduces significant challenges in terms of
structural reliability. In particular, it becomes critical to account for failure mechanisms
associated with crack propagation. A crack initiating at the tooth root can propagate either
radially through the rim, leading to catastrophic failure with the loss of a large portion of the
gear, or across the tooth thickness, resulting in the loss of a single tooth and representing

a fail-safe condition [1].

Linear elastic fracture mechanics establishes that cracks propagate unstably to rupture
when the stress intensity factor reaches the critical threshold Kc. It is assumed that the
crack advances in the direction corresponding to the maximum mode | stress intensity
factor, Ki [2]. Furthermore, the area where the maximum tensile stress occurs, typically at
the tooth root, is considered the primary site for crack nucleation. As the crack grows, the
propagation angle decreases, and the path follows the stress field influenced by the

geometry and loading conditions [2].

The position along the tooth root where cracks are most likely to nucleate is characterized

by the angle ¢, defined as the angle between the tooth’s line of symmetry and the tangent



to the fillet. It has been observed that the most stressed point typically occurs at ¢ = 30°—

34° [3].

Tooth or rim failure depends primarily on the backup ratio my, defined as the ratio of rim
thickness to tooth height, and on operational conditions such as misalignment or excessive
loading. For mp values less than 1.2, cracks tend to propagate radially through the rim,

leading to rim fractures [4].

Lewicki et al. [5] conducted a numerical study to investigate how crack propagation
behavior changes with varying rim thicknesses. Their analysis covered several gears with
different backup ratios and showed that, for all cases, Ki was consistently larger than K.
For mp =0.5, Kii approached zero, leading to cracks propagating in a straight line. For mp
>0.5 m 0.5, Ki became negative, implying a positive propagation angle and resulting in
cracks confined within the tooth width, eventually causing tooth detachment. In contrast,

for mp <0.5, Ky was positive, and the crack propagated radially through the rim [5].

It is well established that while Ki governs the crack propagation rate, Ki influences the

deviation of the propagation path. Specifically, if Ki equals zero, cracks propagate straight
[6].

Initial crack orientation also significantly affects propagation. For instance, in gears with
mp=3.3, cracks consistently propagate along the tooth width, regardless of initial
orientation. For mp =0.2, cracks invariably propagate radially, while for mp =0.5, behavior is
unstable: horizontal cracks propagate through the tooth, but inclined cracks promote rim

fracture [5].

These results closely match experimental observations, except in the critical case of mp
=0.5, where multiple outcomes are possible. Moreover, centrifugal forces further influence

crack propagation: high rotational speeds increase the likelihood of rim fractures, while low



speeds favor tooth breakage. This behavior stems from the fact that centrifugal loads alter
the stress field, thereby modifying the crack propagation angle, which depends on the Ky /

Ki ratio [6].

The initial crack nucleation site significantly affects the subsequent propagation path [7].
Generally, higher ¢ angles at the tooth root increase the tendency for cracks to grow along
the tooth width. The fillet shape also influences crack behavior: an oversized fillet reduces

local stresses and slightly favors tooth failure over rim failure [7].

Similarly, the pressure angle impacts crack propagation: gears with higher pressure
angles, characterized by wider bases and sharper heads, exhibit a greater tendency for

cracks to propagate along the tooth width rather than radially through the rim [7].

Kramberger et al. [8] investigated crack behavior in various lightweight gear geometries.
They examined three configurations: a no-web (tube gear), a web placed at the mid-face
width, and a web placed on one side. Their results demonstrated that the no-web design
exhibited the longest fatigue life due to the lowest stress intensity factors. In contrast,
configurations with non-centrally located webs promoted faster crack growth, with the

asymmetric web placement showing the worst performance.

This phenomenon is attributed to the fact that as rim thickness decreases, cyclic
compressive stresses near the fillet increase, slowing crack growth and extending fatigue
life [9]. Consequently, the design and positioning of internal webs become critical for

optimizing durability in thin-rim gears.

Surface finish also plays a vital role in fatigue performance. In the absence of surface
treatments, cracks typically nucleate at surface defects; therefore, the quality of surface
finishing must be carefully controlled to achieve the desired fatigue limits. Surface

treatments such as shot peening and carburizing are widely employed to shift crack



nucleation from surface to subsurface, enhancing fatigue strength through residual

compressive stresses [9,10].

In unnotched specimens, cracks nucleate at microstructural discontinuities such as
inclusions or secondary phases [9]. In standard gears, assuming no additional flank
damage, cracks initiate at the tooth root where stress concentrations are maximum [11]. In
such cases, K increases almost linearly with crack length, while Ki peaks near the neutral

axis and then decreases as the number of teeth increases [11].

It is also important to note that maximum tensile stresses occur on the active flank of the
tooth, while compressive stresses dominate on the passive side [12]. Under cyclic loading,

these regions become critical sites for crack initiation.

Furthermore, the highest stress concentration during gear meshing occurs when the load

is transmitted through the highest point of single tooth contact (HPSTC) [13,14].

Understanding the crack propagation path is particularly crucial for high-reliability

applications such as aerospace, where gear failure must be predictable and manageable.

Although a significant body of research exists on the general fatigue behavior of gears
[15-25], experimental studies specifically addressing crack propagation paths in thin-rim

gears are remarkably rare.

Kramberger et al. [15] focus on the bending fatigue life analysis of thin-rim spur gears
employed in truck gearboxes. The study integrates finite element methods (FEM) with
linear-elastic fracture mechanics to predict crack initiation and propagation. Fatigue life is
divided into two stages: micro-crack initiation and crack growth, underscoring the
importance of continuum mechanics-based modeling for enhanced predictive accuracy.
Patil et al. [16] conducted experimental investigations on helical gears using a Gear

Dynamic Stress Test Rig (GDSTR) equipped with strain gauges and carbon slip rings.
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Contact stress was measured under real operating conditions and compared with results
from finite element analysis (FEA). The findings demonstrated a strong correlation
between experimental and simulated data, validating the experimental setup for contact

stress analysis.

Brandao et al. [17] developed a numerical model to predict micropitting and mild wear in
spur gears. Dang Van’s multi-axial fatigue criterion was applied to assess fatigue crack
initiation under mixed-film lubrication conditions. The results emphasized the critical role of

surface pressure distributions in predicting surface damage.

Hong et al. [18] proposed a rotating gear test methodology for evaluating bending fatigue
under reversed and released loading conditions. Diagnostic tools were employed to
determine test termination, providing a reliable experimental framework for the fatigue

analysis of gears under high-cycle loading.

Rajesh et al. [19] utilized experimental methods to validate numerical models predicting
contact fatigue life (CFL) and bending fatigue life (BFL) in asymmetric helical gears. Their
results highlighted the superior CFL performance of asymmetric designs compared to

symmetric counterparts.

Argoud et al. [20] investigated the fatigue behavior of case-hardened steel gears through
single-tooth bending fatigue (STBF) tests and stress gradient analysis. The observed
bimodal fatigue behavior was attributed to differing crack initiation mechanisms.
Weres et al. [21] examined the fatigue life of cylindrical gears using a hydraulic testing
machine, establishing fatigue life curves and analyzing failure mechanisms under skewed

and straight gear configurations.

Gorla et al. [22] assessed the bending and contact fatigue performance of novel steel

alloys intended for large gears. Single-tooth fatigue tests and disc-on-disc contact fatigue



tests revealed that innovative bainitic steels exhibit superior fatigue performance and

reduced manufacturing distortions relative to traditional materials.

Osakue and Anetor [23] developed a simplified contact stress model for helical gears,
incorporating parameters such as helix angles. Experimental validation demonstrated the

model's applicability for preliminary fatigue design purposes.

Concli et al. [24] and Bonaiti et al. [25] proposed a multiaxial approach to correlate single-
tooth bending fatigue test results with actual meshing gear behavior. This method provided
improved predictions of bending fatigue life under realistic operating conditions. Surface

treatments can be applied on gears to improve life performance [26-27].

Among the limited available works, Lewicki et al. [7] provided foundational experimental
data on crack trajectories. However, their study was limited to spoked gear geometries
with artificially introduced notches, which predefined crack initiation points and therefore

may not accurately reflect crack behavior in more typical gear designs.

The present study addresses this significant gap by providing new experimental evidence

on crack propagation paths in webbed thin-rim gears.

Unlike previous works [1], [7], [28], the current experiments were performed on unnotched
teeth, allowing cracks to nucleate naturally under realistic loading conditions. A modified
single-tooth bending test methodology was employed to apply cyclic loads and study crack
evolution as a function of backup ratio. This modified test allows the application of loading

conditions close to the real ones.

By correlating the experimental results with established theoretical models, and finite
element simulations [29-32], this work offers a more comprehensive understanding of

failure mechanisms in thin-rim gears.



Ultimately, these findings aim to support the development of more reliable lightweight gear
designs, enhancing structural safety and fatigue life in critical engineering sectors such as

aerospace, automotive, and robotics.

2. Methodology

The geometry of thin-rim gears is characterized by two key parameters (see Figure 1): the
backup ratio (mb), which is the ratio of the tooth height to the rim thickness (Hs), and the
web ratio (mw), defined as the ratio of the web thickness (W) to the face width (L) [14]. A

"full gear" refers to a gear where the web thickness equals the face width (mw = 1).

1
o

Figure 1: lightweight gear geometry.

In this work, three gears made of C55 (without surface or heat treatments) steel have been
tested. The three gears have the same tooth geometry (module =3mm, number of teeth =
32, pressure angle = 20°, no profile shift, face width = 20mm), the only difference lies in

the rim thickness, in order to obtain three values of backup ratio (Figure 2).



FULL GEAR

mb=0.5

mb=0.3

SECTION A-A,

The experimental campaign was conducted using a modified single-tooth bending test
(STBT), in which the gear hub was rigidly clamped and a cyclic load was applied to a

single tooth via a punch (Figures 3 and 4). All tests were performed using an Amsler

Figure 2: tested gears geometries.

resonant fatigue testing machine.

Figure 3: Single tooth banding test




The STBT employed in this study differs from the standard configuration, which typically
involves loading two teeth [28], as it more accurately replicates the stress distribution from
the loaded tooth to the shaft (Figure 4). This setup results in a stress field that more
closely resembles actual operating conditions, including in the web region of the gear.
Accurately reproducing this stress state is essential for the objectives of this work, which

focus on investigating crack propagation paths to prevent catastrophic failures.

Two punches One punch

Fixed hub

Figure 4. Stress field comparison between two punches (left) and single (right) punch tests.

The fatigue limit of each gear has been obtained according to the Dixon method [33],
performing six test on each gear. To avoid the possible influence of broken teeth on the
one being tested, each test was conducted on every third tooth (i.e., one tooth was tested,

and the next was left untested) [35].

3. Results and discussion
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3.1 Stress analysis

The geometry of the gears can influence both the stress distribution and its magnitude. In
this study, the stress distribution of the three investigated gears was analyzed using finite
element (FE) models. The primary objective of these models was to determine the location

and magnitude of the most highly stressed point.

The FE models were developed using tetrahedral elements, with a refined mesh in the
tooth root zone to enhance accuracy, and a coarser mesh in regions where detailed stress
analysis was not required. A load was applied along a line across the face width,
positioned identically to the experimental setup. The load value was kept constant for all
three gears (F = 5000 N). The gear hub was fixed to define appropriate boundary

conditions.

Figure 5 shows the FE results obtained for the three gears.

Full gear

von Mises (N/mm 2 (MPa))
2,350e+02
l 2,154e+02
. 1,958e+02
. 1,763e+02
_ 1,567e+02
_ 1,371e+02
L 1,175e+02
L 9,792e+01

L 7.833e+01

. 5,875e+01
m,=0.3

3,917e+01

1,958e+01

1,321e-03

Figure 5: comparison of the stress distribution in the three gears
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Regarding crack propagation, it is commonly assumed that the crack initiation point
corresponds to the point where the maximum stress is reached [10-12], furthermore the
crack propagation direction appears to be influenced by the crack initiation position [26-

30].

Figure 6 summarizes the location and magnitude of the most stressed point for the three
gears. Notably, as the rim thickness decreases (lower value of backup ratio), the most
stressed point moves to a position closer to the tooth root [26]. Since cracks are more
likely to propagate through the rim when the initiation point is closer to the tooth root, it can
be concluded that the crack in the gear with mp=0.3 is more likely to propagate through the
rim compared to the full gear [27-30]. This hypothesis is further supported by the

experimental results presented in the next section.

Full Gear mb0_5 mb0_3

Position Y [mm]

5.84 15.86 15.88 15.90

Position X [mm]

Figure 6: comparison between stress distributions in the three gears

The stress magnitude also appears to be influenced by the rim thickness. The results
indicate that, for the same applied force, the stress increases as the backup ratio

decreases.
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3.2 Fatique limits

The fatigue limits of the gears were experimentally determined for the three gears using

the Dixon method [33].

Table 1 summarizes the experimental results in terms of fatigue limits considering 50% of
non-failure probability (orso%). The standard deviation of the results indicates that the

values obtained for the three gears are comparable.

Table 1. comparison of fatigue limits obtained by experiments and estimated according is ISO6336

standard [35]

Full Gear mp=0.5 mp=0.3
OFs50% [MPa] 195.2 204.8 182.4
oriim (1S06336-5) [MPa] 187.9

The experimental values were compared with the fatigue limit estimated according to the

ISO 6336-5 standard [35] (orim), considering a material hardness of HBW=190.

It should be noted that ISO 6336 standard does not provide design parameters for gears
with mp lower than 0.5, This limitation is likely due to the fact that in case of lower mp

values crack propagation may not occur in a safe manner.

3.3 Crack propagation analysis

Crack propagation analysis was conducted on broken teeth from the tested gears. For

each gear three fractured teeth have been considered.
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Figure 7 summarizes crack propagation paths for the three tested gears. The results show
that for full gear and gear with mp=0.5, cracks propagated through the tooth (safe failure),
while in the gear with mp=0.3, crack propagation occurred through the rim (catastrophic

failure).

Full gear mb=0.5 mb=0.3

Test 1

Test 2

Test 3

Figure 7: crack paths for the three tested gears and location maximum stressed point found by FE

models (red dots).

These results are consistent with findings reported in the literature from both numerical

and experimental point of view [1], [5-7], [26-32]

In particular, it is interesting to compare the experimental results obtained in this work, with
those reported by Lewiki et al [1], [5-7], [30], because the testing procedures used in those

studies differ significantly and also the samples geometries is slightly different.

In Figure 7 the small red dots indicate the locations of maximum stress identified through

FEM simulations and compare them with the crack initiation points observed in
14



experimental results. The comparison reveals that the crack initiation points align with the
maximum stress locations. However, in Test 1 with mp=0.5, there is a slight displacement

of the crack initiation point.

Figure 8 quantitatively shows the distance between crack initiation points obtained from

the experiments and the maximum stressed point obtained by FEM analysis.
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Figure 8: distance between maximum stressed point (obtained by FEM analysis) and crack initiation

position.

Figure 9 presents a comparison between the results obtained in this study and the most
relevant findings reported in the literature, including FEM simulations [32] and

experimental tests performed on running gears [6-7].
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Full gear (mb=3.3) mbp=0.5 mp=0.3

This work

FEM
[32]

Others
experiments

[61.[7]

Figure 9: comparison between results obtained in this work and FEM [32] and running gears [6], [7].

The comparison highlights that the results obtained in this study are consistent with those
reported in the literature. In particular, the crack propagation direction occurs through the
tooth in the full gear and through the rim in the gear with mp=0.3. Regarding the gear with
mp=0.5, more detailed considerations are required, as in this case the crack propagation
direction depends not only on the gear geometry. This aspect is discussed in the following

paragraph.

3.3.1 Considerations about the effect of speed

The testing method employed by Lewicki et al. consists of running gears with notched
samples, which allows for the reproduction of more realistic operating conditions, as the

gears are rotating and the effect of centrifugal load is therefore considered.
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On the other hand, the use of notched samples imposes a constraint on the crack initiation
location, which could be critical, as for certain values of the backup ratio, the initiation point

may influence the crack propagation direction [6], [28], [29], [31] (Figure 10a).

The tests performed in this study were conducted using a single-tooth bending test. In this
configuration, the gear is fixed, so the effect of rotational speed is not taken into account.
However, due to the high load application frequency (approximately 100 Hz), it was

possible to test unnotched gears. As a result, cracks nucleated at “natural” initiation points.

Figure 10: (a) Effect of initial crack location on crack propagation path for a gear with my=0.5 [7]; (b)

position of maximum stressed point with increasing of speed from Orpm to 10000rpm [29].

2500 rpm 4920rpm 7500 rpm 10000 rpm

Figure 11: Crack paths with increasing rotating speed for a gear with m,=0.5 [6]
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It is interesting to observe that for backup ratio where the crack propagates always through
the tooth (mp>1) and through the rim (mp<0.5) the results obtained in this work are
consistent with those found in the literature (as shown in Figure 9). For mp=0.5 (a value
that lies within the range of indeterminacy) the crack propagation direction obtained in this
work, is thought the tooth, while in tests with rotating gears the crack propagation direction

at this backup ratio, depends on the rotating speed [6], [33] (Figure 11).

In the range of mp values associated with indeterminacy, the crack propagation direction is
not only affected by the gear geometry (backup ratio), but also by other factors such as the
centrifugal load [6], [28], [29]. In particular, the centrifugal load causes the maximum stress
point (that is the point where the crack is assumed to initiate) to shift closer to the tooth
root (Figure 10b [29]). Consequently, if the crack nucleates closer to the tooth root it is

more likely to propagate through the rim (Figure 10a [7]).

3.4 Crack surfaces analysis

Crack surfaces were analyzed by SEM on removed teeth from each gear. Figures 12-14
show SEM images and magnifications of one fractured tooth for each gear (respectively
the full gear in Figure 12, gear with mp=0.5 in Figure 13 and gear with mp=0.3 in Figure

14).

18



CRACKEND SIDE

CRACK INITIATION SIDE

CRACK END SIDE

CRACK INITIATION SIDE

Figure 13: crack surface for mb =0.5 gear
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CRACK END SIDE

CRACK INITIATION SIDE

Figure 14: crack surface for mb =0.3 gear

In the figures, the crack initiation and arrest sides are shown. It can be observed that, in all
analyzed gears, the crack propagation surfaces are not smooth. This is due to the applied
load having a mean value slightly higher than the alternating component, which prevents
the crack from fully closing during the loading cycle. In contrast, when the mean load is
zero, the crack surfaces close during each cycle, producing a hammering effect that

smooths the fracture surfaces.

4. Conclusions

This study investigated crack propagation, fatigue limits, and failure behavior in three
different gear gear configurations characterized by varying backup ratios, using a novel
experimental approach. Finite element analysis revealed that reducing the rim thickness
leads to increased stress magnitudes and shifts the location of the maximum stress closer

to the tooth root, significantly affecting crack initiation and propagation behavior.
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Experimental fatigue limit tests confirmed that gears with lower backup ratios exhibit higher
stress concentrations and a greater likelihood of catastrophic failure. Crack propagation
analysis demonstrated that, while gears with higher backup ratios tend to fail safely
through the tooth, those with lower ratios (mo = 0.3) exhibit rim propagation, leading to
critical failure. These findings are consistent with existing literature and highlight the

complex interaction between geometry, stress distribution, and failure modes.

Additionally, comparison with the results of Lewicki et al. suggests that, within the
indeterminate range (mp = 0.5), crack propagation direction is influenced not only by gear
geometry but also by operational factors such as centrifugal loads. SEM analysis further
confirmed that crack surfaces remain rough due to uninterrupted loading, which prevents
crack closure and the typical surface smoothing associated with zero-mean load

conditions.

Overall, this research provides valuable insights for optimizing gear design, particularly in

applications requiring high fatigue resistance and predictable failure mechanisms.
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