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Abstract

Pulsator tests are used to characterize the bending fatigue strength of the tooth root. In
these tests, the tooth root is loaded not by meshing with another gear but by applying
a pulsating load to the tooth flank via a testing machine. This leads to a different S-N
curve with respect to the ones obtained through meshing gear tests. This study aims to
investigate the impact of cracks in the tooth root on the results of pulsator and meshing
tests. Here, we address the issue of load sharing modification during meshing due to the
presence of a crack, and its influence on crack propagation. This approach is applied to a
real-life example: estimating the finite life of meshing gears based on pulsator tests. This
study aims to present an initial procedure for obtaining S-N curves for meshing gears based
on those obtained from pulsator tests. The S-N curves obtained from the pulsator test are
compensated for by adding the difference in the propagation speed between the two tests
calculated by applying the Paris law with parameters extracted from FE simulation; the
time spent in propagation is almost doubled in the meshing conditions.

Keywords: gears; pulsator test; crack propagation; fatigue

1. Introduction

Fatigue is a phenomenon that affects almost every mechanical system [1]. If not
properly considered, it can cause the failure of the component during work. Of course,
gears are not exempt from it. They have various fatigue failure mechanisms (e.g., [2-5]):
macro and micro pitting, tooth flank fracture and tooth root fracture (also called tooth root
bending fatigue). The last one is considered one of the most critical, as it may lead to the
sudden interruption of the power flow in the gearbox. Concerning this mechanism, the
standards ISO 6336 series [6,7] and AGMA 2001-D04 [8] provide an analytical calculation
framework for the assessment of a gear pair; they propose values of the fatigue limit for
the most common combinations of heat treatment and materials, but they cannot cover all
the possible combinations; hence, experimental campaigns are strongly suggested. The
standards also propose an SN curve whose fatigue knee is located at 3 million cycles.

Two testing methodologies are used to evaluate the actual strength of the tooth root:
running gear tests (e.g., [9-11]) and pulsator tests (e.g., [11-16]). The former uses two
meshing gears to perform the fatigue test, while in the latter, the load is applied by anvils
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only to one tooth (or a pair of teeth) at a time in a fixed position. More details on various
test setups can be found in [17,18].

The absence of gear meshing within pulsator tests implies some differences. The ones
that are typically considered (e.g., [10,19-24]) are of a statistical and fatigue nature. There is
also a third one, which is the different load application frequency [25,26].

The first difference arises from the different statistical nature of the specimen adopted
in the pulsator test (i.e., a tooth or a teeth pair) while in the meshing gear test (MG) the
focus is a system of teeth (or a system of tooth pairs).In the pulsator test, the failure of a
tooth is predetermined (the failed one is the tested tooth or teeth pair) while in MG a gear
is considered failed when only one tooth fails, and this tooth is considered as the weakest
one. This problem can be addressed by adopting statistical consideration as suggested
in [10,19,20,22,25,27] or using corrective coefficients—still derived based on the typical test
scatter—as proposed in [28].

The second difference is related to the different stress history produced by the pulsator
and MG, which leads to different fatigue damage [21]. In particular, the pulsator test
produces a sinusoidal stress history generated by the pulsating loading applied by the
machine; furthermore, this stress is typically in a load ratio between almost zero and
0.1. On the other hand, MG presents a more complex stress history that results in a non-
proportional stress tensor and whose trend depends on the system stiffness. This problem
can be addressed using corrective coefficients such as Rettig’s one [27], approaches similar to the
Goodman diagram as proposed by [19,20], and high-cycle multi-axial fatigue criteria [21,29-31].

The third difference, less known, is related to the different frequency at which the
load is applied and has only been discussed in [25,26]. To better explain this difference,
an example must be made: if we consider a 20-tooth pinion, we have 20 load cycles for
each rotation. The load at which the teeth are loaded is not applied at the gear rotation
frequency, but at the meshing frequency. If that rotation occurs at 25 [Hz] (1500 rpm) the
load frequency is at 25 %20 = 500 Hz. On the other hand, pulsator tests are typically
performed at a frequency around 20-40 Hz.

The gear literature presents two contradictory experimental examples. On the one
hand, in [25], while discussing this difference, an experimental comparative curve is
present. The curve obtained using a higher-frequency pulsator shows a higher lifetime,
while no indication or data representing the endurance limit are present. On the other
hand, Stringer et al. [32], while discussing their high-frequency pulsator test rig (up to
1 kHz), show a comparative curve in which the lifetime shown by the specimen tested in
their pulsator is not statistically different from those obtained using a classical pulsator rig.
The classical literature regarding fatigue (e.g., [33,34]) provides a clearer discussion about
the effect of loading frequency on the fatigue strength. Accordingly, there is an effect of the
frequency only if the higher frequencies produce an excessive overheating of the stressed
volume, hence locally reducing the material properties. If the tests present the possibility
of controlling the specimen temperature, the load application frequency does not affect the
fatigue resistance.

All relatively high-speed geared applications are kept lubricated within an oil bath [35],
which is necessary to avoid the dry contact between surfaces and, most importantly, to
remove heat [36,37]. Furthermore, MG tests are lubricated with oil kept at a constant
temperature. It is logical to assume that the cooling action provided by the lubricating oil is
more than enough to also remove the heat generated by the repeated loading of the tooth
root. It is not the case that Stringer et al. [32] tests are performed submerged in constant
temperature oil and that their high frequency does not affect the results. Hence, while its
presence should be, at least, known, the available data suggests that the loading frequency
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does not play a significant role in the difference between the pulsator test and the meshing
gears test.

All the aforementioned phenomena cannot explain completely the differences in the
results of the two testing methodologies. More precisely, there is a discrepancy related
to the lifetime, with MG showing a higher value. Previous studies [38] have suggested
that a partial explanation might be the effect of the tooth root crack, which modifies the
Meshing Stiffness (MS) of the damaged teeth pair, lowering the maximum load acting on
the damaged tooth, reducing the crack growth rate. Crack propagation in pulsator tests is
indeed not a negligible portion of the lifetime shown; it might take from 10% to 30% of the
root lifetime [39-45]. Previous work by the authors (i.e., [24]) showed that all of the above
modify the lifetime, in which the case studied showed that crack propagation in MG might
require between 40% and 130% more time than in the pulsator case. Hence, the MG lifetime
can increase by more than 20% by considering the typical proportion of crack nucleation
and propagation in pulsator tests.

This article focuses on the effect of the load application method, in particular, on the
effect of the crack presence at the tooth root on the load distribution in the two tests and
how it influences its propagation. Here, a method is proposed capable of compensating for
the pulsator experimental SN curve; in particular, the final number of cycles is modified
by taking into account the different propagation time between the pulsator test and the
running gear test, an aspect not yet included in the classical approaches used to elaborate
pulsator data [10,19,20,22,25,27,28]. All the above is justified by the fact that the propagation
time of a tooth root crack is not a negligible aspect of the root lifetime. Here, two different
families of case hardened gears tested via the pulsator test are used as an application
example (Figures 1 and 2).

In the following sections, the procedure used to study these aspects will be discussed.
First of all, experimental data are described, and then an overview of the adopted finite
element (FE) models is presented. Finally, the crack propagation study and the application
example are provided.
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Figure 1. Gear A points and SN curve.
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Figure 2. Gear B points and SN curve. The runouts at 36 kN have been shifted for visualization.

2. Experimental Tests

Pulsator tests have been conducted on a mechanical resonance Schenk pulsator (i.e.,
Figures 3 and 4) with a max load capacity of 60 kN and a working frequency of almost
35 Hz. A symmetric pulsator configuration is used here (see Figure 4). Hence, thanks to the
property of the Wildhaber span measurement and the correct design of the fixing system,
the load is applied equally to two selected teeth, leading to the same tooth root stress. A
load ratio of R = 0.1 is chosen as suggested by [46,47], allowing for the test scalability.

The gear geometry used in this study was defined previously and had been used in a
two-decade experimental campaign on aerospace gears. A peculiar geometrical detail is
that the position at which the pulsator applies the load corresponds to the outermost point
of single tooth contact when the gear meshes with itself. The gear geometry is reported in
Table 1. In this study, the material of the gears is AISI 9310, a case-hardening steel typically
employed for aerospace applications. All experimental details can be found in [48-50].

Two families are discussed and identified: “A” and “B”. The difference between the
two is the grade of cleanness of the material derived from their production process; in partic-
ular “A” is made AISI 9310 VIM VAR, while “B” is made in AISI 9310 VAR. Figures 1 and 2
report the points acquired during the tests. The S-N curve presents two regions: the limited
life and the fatigue limit. The limited life line is obtained by linearly interpolating the points
of this region, while the fatigue limit is obtained according to Hiick [51]. The interested
reader is referred to [23,28] for further details regarding the adopted procedure.

The S-N curve shows that the knee is well below 3 * 10° cycles, consistent with the
general trend reported in [38].

https://doi.org/10.3390 /machines14060705


https://doi.org/10.3390/machines14060705

Machines 2026, 14, 705 50f 18

il

I

. — el
/_ i = - —

!

S

Figure 3. Schenk pulsator.

Figure 4. Detail of gear and anvils.

Table 1. Gear geometry.

Parameter Symbol UM.
Normal module my 3.7595 mm
Center distance a 91.5 mm

Pressure angle « 225 ©

Number of teeth z 32 -
Face width b 15 mm

Profile shifts X 0.0681 -
Working pitch diameter d 120.7862 mm
Tip diameter da 130 mm
Root diameter df 111.3250 mm
Addendum Coefficient h, 1.1595 mm
Dedendum Coefficient hy 1.3153 mm
Root fillet radius (full fillet) 0P 1.6860 mm

3. Numerical Models

To properly analyze the difference in load exchanged by the teeth and the consequent
tooth root stress, it is necessary to understand the behavior of the gear in the two test
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conditions: pulsator test and running gears. Analytical solutions for the tooth root stress are
proposed in the standards [6,8]. The obtained results are approximations of the real stress
and load values, whose real values can be obtained more precisely using the finite elements.
Moreover, the analysis performed here goes far beyond what the standards predict, as it
introduces the presence of the root crack, an aspect that is clearly not considered in the gear
calculation framework proposed by the standards.

As discussed in [24], while several methods have been developed to simulate and analyze
crack initiation and propagation under a prescribed load acting on the tooth (e.g., [52-56]), it
is nevertheless necessary to consider the interaction between crack presence and the effective
load acting on the tooth. Hence, the running gear simulation has been performed using
the calculation step that follows the one described in previous work [21,24], which allows
coupling the crack presence with the actual load acting on the tooth.

Accordingly, the rotation is discretized in a finite number of positions. That is, the
meshing process is simulated using a step-by-step procedure and not a continuous one.
In particular, Python 3.10 code controls the gear positions, and Abaqus then performs the
simulation. As described by Figure 5, in each simulated position, a reference point, rigidly
connected to the gear hubs, is used to apply both the load, namely the torque, and the
boundary conditions. The reference point of the pinion (on the left) is constrained in all
degrees of freedom, whereas the wheel (on the right) is allowed to rotate only about its
axis. The torque is applied at the reference point of the wheel hub. The interaction between
mating tooth flanks is described through a surface-to-surface contact formulation.

Pinion Wheel

Figure 5. Simulation framework showing the applied boundary conditions and loading configuration.
The several stress fields represent the step-by-step procedure. The red circular arrow represents the
applied torque, while the black lines ending with the black dot are annotation leaders.

For each position, the main quantities of interest are extracted automatically: the
contact force, the tooth root stress and the stress intensity factor K. Pulsator case simulations
follow the same procedure for crack opening. Under the assumption of linearity in the load
case, a unit load is applied here; the results are then scaled so that both cases (meshing and
pulsator) show the same stress at the tooth root when the crack is not present.

The gears are considered perfectly aligned; hence, the effect of eventual misalignment
is not taken into account. This allows to better understand the effect of the load sharing
in ideal conditions. For this reasons, following Conrado et al.’s suggestions [57], 2D
plane stress elements are used, with a beneficial effect on the computational time. All
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the simulations are performed using Abaqus adopting CP5S4 elements. The quarter-point
element technique is adopted at the tip of the crack. In order to improve the estimation of
the crack quantities, it is defined following the Abaqus manual in order to guarantee the
convergence of K. Figure 6 shows an example of the mesh adopted within each simulation;
the mesh size of the cracked tooth is 0.1 mm, while for the other teeth and the gear body, a
less refined mesh is used to reduce the computational effort.

The crack is defined as an arc of a circle, perpendicular to the 30° tooth root tangent on
both sides of the tooth root because that is the region identified by the ISO 6336 [6] with the
peak of tooth root stress. Crack propagation is imposed as described in previous work [24];
the crack length is defined as a percentage of the arc length (between 0% and 80%). For each
of them, the simulations are performed as described above.

@)

Figure 6. (a) Example of tooth mesh. (b) Quarter point technique detail.

4. Numerical Results

The analyses are performed considering various crack lengths as well as different
torque levels as reported in Table 2. Those values are selected in order to have the same
tooth root stress in both the testing conditions. The tooth root stress reported are the max
principal stress obtained through FEM.

The relationship between the pulsator test loads and the corresponding torque levels
(see Table 2) is not perfectly linear due to the influence of the contact ratio under load. In
the present case, the nominal contact ratio is e, = 1.67, while under load it varies between
2.14 and 2.26 (see Figure 7). This increase is associated with tooth deformation under load,
which is more pronounced in the present study than under typical operating conditions.
Indeed, the applied torque levels are substantially higher than those encountered in service;
the applied loads are those required bring the system to failure. Therefore, they provide
larger deformations than those normally observed in operation. This aspect is further
emphasized by the fact that the gears under investigation are aerospace ones, for which the
test loads are even higher.

The first results show the alteration of the load distribution and the increase in the
tooth root stress among teeth during crack propagation. These phenomena are described
by Figures 8 and 9: the former reports the values of the normal force that is exchanged in
the contact between teeth flanks, while the latter reports the increase in tooth root stress in
the healthy teeth adjacent to the damaged one.

https://doi.org/10.3390 /machines14060705
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The presence of the crack modifies the forces exchanged at the contact between
the flanks as well as the trend of stress at the roots of the adjacent healthy teeth (i.e.,
Figures 8 and 10), which results in being overloaded. An important aspect to notice is that
in the studied case, the normalized normal contact force between the meshing tooth is
already lower than one, as the meshing gears present an overlap ratio (under load) greater
than two, as can be seen in Figure 7. Thus, the force is always partitioned by at least two
tooth pairs: the normal force, which is geometrically determined by the base diameter, is
shared between the tooth pairs in contact according to their meshing conditions. The fact
that the overlap ratio (under load) is greater than two can be noticed in Figure 8, where
the occurrence of triple contact can be observed: in the central region of the pictures, all
three tooth pairs exhibit a non-zero contact force, indicating that three tooth pairs are
simultaneously in contact.

On the other hand, as can be seen in Figure 8, for the damaged tooth pair, as the
load and the crack length (CL) increase, the contact force decreases. These phenomena are
related to the increased compliance of the damaged tooth, which alters the load sharing:
unloading the damaged pair while loading the healthy adjacent one.

All the above leads also to an increase in the tooth root stress in the adjacent healthy
teeth as shown by Figure 9. It is interesting to note that the adjacent teeth overload in
different ways. The z — 1 (on the right) tooth has the higher increase in load, but it is the
z + 1 (on the left) tooth that is subjected to a higher increase in tooth root stress. This is due
to the fact that the meshing of z — 1 happens at diameters between the pitch diameter and
the outer point of contact. On the other hand, the z — 1 tooth has an increase in the load
for diameter between the pitch diameter and the internal point of contact; therefore, even
if the load is higher, the lever is smaller, leading to a smaller increase in the stress of the
tooth root.

All the effects described above do not happen in the pulsator test due to the intrinsic
lack of gear meshing: the force amplitude and the point of application remain constant,
as they are determined only by the machine setup. On the contrary, during meshing, the
increase in tooth compliance, caused by the crack presence, leads to a reduction in load
acting on the damaged tooth, even if the applied torque is maintained constant.

Table 2. Load levels.

Load Levels Stress Mpa MG—Torque Nm Puls—Force kN

LL1 1257 2406 32

LL2 1340.6 2647 34.13
LL3 1445.5 2887 36.8
LL4 1563 3128 39.8
LL5 1610.5 3369 41

LL6 17244 3609 43.9
LL7 1779.4 3850 45.3
LL8 1885.5 4090 48

LL9 2066 4331 52.6
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5. Estimation of the Propagation Time

To take into account the effects of the load sharing at high overlap ratios, which splits
the load more between the meshing teeth, the comparison between pulsator and meshing
is performed at the same stress level (at the tooth root) and not at the same load level
(LL). The unloading of the damaged pair that occurs during the meshing process implies a
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peculiar crack behavior. Indeed, if the two test cases are compared, it is possible to notice
that the stress intensity factor K at the crack tip follows two different growing trends as
shown in Figure 11. For the shorter cracks, the two tests provide similar K values. On the
other hand, for all the other lengths, the curve diverges. The meshing gear case presents
significantly lower K, implying a much slower crack propagation. This indicates that the
same CL and loading conditions of the tooth root provide slower crack propagation, thus
an increased life. In order to estimate the crack propagation, the Paris equation is used.
Accordingly, it is possible to calculate the crack propagation speed as

da m

35 = C(8K) ey
where parameters C and m are material dependent. For our calculations, the following
literature values are used: C = 3.988 x 108 and m = 2.420 [42] with crack growth (g—l\”,) in
mm /cycle and the stress intensity factor K in MPa+/m.

The failure condition is satisfied under two conditions: when the stress intensity factor
reaches the Kjc or when the crack propagates completely through the tooth. The fracture
toughness (Kjc) is estimated by analyzing the tested teeth fracture according to the load
applied during the test, that is 52 kN, and the final CL, which is defined as an arc of a circle
between the tooth root and the start of the unstable propagation as shown in Figure 12.
Accordingly, K¢ is estimated as equal to 108 MPay/m. Such a value is a reasonable one if
compared with those that can be found in the literature (e.g., 93-137 MPa/m as proposed
by [58]).

Hence, it is possible to calculate the final number of cycles for the two loading condi-
tions. The difference between the two testing methodologies can be seen in Figure 13. The
ratio between the final number of cycles of the meshing and the pulsator one (Nyses,/ Npuis)
grows as the load increases. More specifically, the ratio is between 1.79 and 1.88, implying
that the time spent in propagation is almost doubled in the meshing condition.

300 T T T
--0-=- Pulsator test IsL
95() | |—#— Meshing gear i

200

1
7S
1

K MPay/m

e
-—-‘—::;./-/H/.
50 | g y
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Figure 11. Stress intensity factor K—LL1.
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Figure 12. Cracked tooth. Here, the red lines represent the tooth axis, the green lines are the 30°

tangents, the dashed cyan is the imposed crack path, and the magenta line identifies the angular

position at which unstable crack propagation occurs. The blue arrow identifies the direction of the

applied pulsator force.
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Figure 13. N5,/ Npyys ratio evolution. Nyyes,= meshing final number of cycle, N,;s= pulsator final

number of cycle.
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6. Proposed Method for the Lifetime Correction

Gears present a complex state of stress in the first layer of material due to the resid-
ual stresses generated by the machining, heat treatment and shot peening. This area
requires precise data and an increased model complexity to properly model the gradient of
mechanical properties, which influences the crack propagation.

The calculation of the modified lifetime starts from the definition of the number of
cycles necessary for nucleation in the pulsator case (i.e., Nyyc1,puis)- To do this, the estimated

propagation N, obtained by the Paris law, is subtracted from the experimental final

ulsprop’
number of cycles Ny, s:

Nnuclpuls = Npuls - Npulspmp 2)

Similarly, for the final number of cycles of meshing gears, the two terms can be sepa-
rated. Here, too, the propagation cycles are obtained through the integration of the Paris
Equation (1):

Niesn = Nnuclmesh + Nmeshprop 3)

Under the assumption that the time spent in nucleation for both the testing cases is the

same when the stress at the tooth root is equal (i.e., Ny = N,mdp”ls = N,uc1), it is

mesh

possible to combine Equations (2) and (3), obtaining

Nyyer = Npuls - N,

pulsprop

= Npyesh — Nmeshpmp (4)

Here, gears are case hardened (as most of the gears employed for power transmission);
thus, there is a variation of local mechanical properties starting from the tooth root surface
to the core of the tooth due to the local variation of microstructure and local residual stresses.
For small cracks, whose length is comparable to the case-hardened depth, it is difficult to
properly estimate the propagation due to the local variations. Luckily, Figure 11 shows
that the stress intensity factor K for short cracks (a < 20%) is similar between pulsator and
meshing. Thus, the difference in propagation occurs for longer cracks which propagate far
from the case-hardened layer. This avoids the need to carefully model the initial material
layer (e.g., [59-63], which are strongly affect by the presence of residual stresses, as the
main difference occurs mainly in the base material, not affected neither by case hardening
nor by shot peening.

Hence, the quantity ANp;,p,,_. , (i-e., the difference between the estimated propagation
time), contains information regarding only longer cracks, whose propagation speed is not
influenced by t he local properties. Hence, it can be used to actually compensate for
the lifetime.

Hence, from Equation (4) is possible to calculate the final number of cycles of the
meshing case as

Nmesh = Npuls + (Nmeshpmp - Npulspmp) = Npuls + ANPrapM_>p (5)

This equation allows to estimate the final number of cycles of the meshing gears
starting from the results of the pulsator test. This allows to take into account the effect of
the heat treatment and residual stresses of the gears without relying on complex FE models.
The logic behind the above calculation scheme is graphically represented in Figure 14.

The effect of the meshing of the finite life part of the SN curve is clear: the curves are
shifted rightwards as the final number of cycles increases due to the slower propagation
in the meshing gear (Figures 15 and 16). For the two investigated gear families, the
compensated curves show not only an increase in lifetime but also a steeper slope. This
indicates that the benefit associated with meshing-induced load sharing is more pronounced
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at higher load levels, where tooth compliance variations and load redistribution have a
stronger influence on the stress intensity factor K and, consequently, on crack propagation.

PULSATOR FINAL NUMBER OF CYCLE

— ESTIMATED PULSATOR
PROPAGATION

NUCLEATION

MESHING GEARS
=+ PROPAGATION

PULSATOR FINAL NUMBER OF CYCLE

+ ANPROP"I

P

ESTIMATED MESHING GEAR NUMBER OF CYCLE

Figure 14. Visual representation of the calculation.
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Figure 15. Gear A compensated curves, 50% failure probability.
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7. Conclusions

This article investigates tooth-root crack propagation and its influence on gear fatigue
life. A methodology is proposed to compensate for the pulsator test results and derive the
corresponding meshing-gear S-N curves. The compensation is performed by adding the
difference in crack-propagation life between the pulsator and meshing conditions. Two
families of tested aerospace gears, namely “A” and “B”, were selected as application cases.

In order to quantify the effect of the load application method, two numerical models
were developed: one for the meshing condition and one for the pulsator condition. The
models were used to estimate the main quantities governing crack propagation in damaged
teeth, namely the contact force acting on the cracked tooth and the stress intensity factor K
at the crack tip. The latter was then used within the Paris law to calculate the final number
of cycles in bot test configurations.

The comparison between the two loading cases shows that, for the investigated gear
geometries, crack propagation is slower under meshing conditions than under pulsator
loading. This retardation is caused by the redistribution of load among the teeth in contact
during meshing: as the crack grows, the damaged tooth becomes more compliant and
carries a lower share of the transmitted load, which is redistributed to the adjacent healthy
meshing pairs. As a consequence, the stress intensity factor K is reduced with respect to
the pulsator case, leading to slower crack growth.

For the considered gear geometries, the meshing condition increases the calculated
crack-propagation life by a factor between 1.79 and 1.88 with respect to the pulsator
condition. This means that the propagation phase in meshing gears is approximately
79-88% longer than that estimated from pulsator tests alone. Therefore, neglecting the
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meshing-induced load-sharing effect would lead to a conservative underestimation of the
propagation life for the analyzed cases.

The proposed compensation methodology accounts for this effect by increasing the
final number of cycles obtained from pulsator tests by the calculated difference in estimated
propagation between the pulsator and meshing conditions. This procedure allows taking
into account the effects of the heat treatment and the residual stresses because they are
already included in the experimental pulsator test result (i.e., Np,;5) without relying on
complex FE models or advanced propagation laws. The final compensated S-N curves,
therefore, exhibit higher fatigue lives than the original pulsator curves.
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