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In the design of aerospace transmission systems, particularly
those used in rotorcraft, fatigue life prediction plays a piv-
otal role in ensuring both performance and reliability. Due
to the very high values of the torque and power densities of
the main gearboxes (MGB) of modern helicopters and to the
catastrophic consequences of their failure, a precise and reliable
approach to the design and rating of gears is fundamental. In
general, the tooth root bending fatigue failure is not the most
limiting failure mode for an MGB, but it is the most critical,
due to the consequent immediate interruption of the transmit-
ted power.

For this reason, Leonardo Helicopters started a system-
atic campaign of testing 20 years ago, aimed at character-
izing the tooth root bending properties of the gears applied
in MGBs. More in detail, the purpose of the program was
to investigate the performance of the applicable design
solutions and parameters, in terms of materials, cleanliness,
manufacturing processes, heat treatments, finishing and
superfinishing approaches, and shot peening. The purpose
was not limited to determining validated data in terms of
fatigue limits. A precise understanding of the morphol-
ogy of the S-N (Wahler) curve is critical, as helicopter gear
components are typically designed to operate within the
very high cycle fatigue regime, and at the same time, they
must also be capable of withstanding occasional short-dura-
tion overloads, arising from transient operating conditions.
Enhanced characterization of the S-N curve facilitates
more refined and efficient gear design, minimizing unnec-
essary conservatism while maintaining adequate safety mar-
gins and structural integrity under complex loading spectra
(Refs. 1, 2).

A first technical paper, with the results for some families
of case-hardening steels, was presented at the 2008 AGMA
FTM (Refs. 3, 4). Since then, many other materials and influ-
encing parameters have been investigated; some results have
been presented at gear conferences (Ref. 5) or in journals (e.g.,
Ref. 6), and some of them are still unveiled. In any case, a
comprehensive summary of the results and a systematic com-
parison and analysis of the influence parameters have never
been published.

For this reason, after 20 years of testing, the time is mature
to propose such a comprehensive synthesis, and the authors
believe that the AGMA FTM is the most suitable place to
present it, not only for its scientific relevance, but also for its
focus on the practical application of the knowledge.

Pulsator Test as a Means to
Estimate the Root Strength
When investigating the strength of gears, experience suggests
that it is not sufficient to conduct tests on standard specimens,
like those for rotating bending or axial tests, for instance. To
appropriately consider all the characteristics related to the
gears manufacturing process, including those coming from the
cutting and finishing processes, like roughness and residual
stresses, and from the heat treatment, which is dependent on
the specific geometry, the most suitable option is to test gear
specimens. In this way, the process to transfer the strength data
obtained from the tests to the real design application is more
straightforward and does not require additional assumptions,
besides those already necessary to consider several factors. At
most, the information provided by tests on standard samples
is useful in preliminary pre-screening because they can provide
data in a short time, but they are not suitable for a detailed and

reliable assessment.

Gears are susceptible to a variety of failure mechanisms,
the prevalence of which is influenced not only by material
properties but also by numerous factors related to the spe-
cific design and operational conditions (e.g., Ref. 7). Certain
damage modes—such as scuffing and contact fatigue—can
only be effectively investigated under conditions that rep-
licate gear meshing. For these mechanisms, dedicated test-
ing methodologies and specimen geometries have been
developed over time to ensure that the experimental setup
selectively targets the intended failure mode while minimiz-
ing interference from others. Even if the tooth root fatigue
fracture failure mode shows some difference depending on
whether meshing is or is not reproduced, experience dem-
onstrates that tests in which selected tooth flanks are loaded
by means of a universal testing machine with appropriately
designed anvils provide a reliable and effective means of eval-
uating the bending fatigue strengths.

The simplification of loading conditions in this type of test
offers several advantages over conventional meshing tests.
Firstly, these tests are carried out on universal testing machines
and not on a dedicated gear test rig, thereby streamlining test
setup and management. This configuration allows greater
freedom in the specimen geometry, enabling the testing of a
wide range of spur gear sizes, geometries, and profiles, with
only minor practical limitations for very small modules. By
isolating and testing individual teeth instead of the whole gear,
multiple samples can be obtained from a single gear specimen,
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significantly reducing testing costs. Furthermore, unlike run-
ning gears (RG) tests, which require a loaded tooth contact
analysis (LT'CA) method to exactly estimate the force cycle
acting on a single tooth, followed by a stress analysis calcula-
tion method to determine the corresponding root stress cycle,
pulsator tests necessitate only the latter. The force acting on
the specimen is known a priori: indeed, the applied load is
directly imposed (and measured) by the machine itself, elimi-
nating the need for force estimation.

Nevertheless, pulsator tests, which do not involve meshing,
lead to different results due to differences in statistics and in
the fatigue damage mechanism: in particular, higher strength
values are obtained if compared to those obtained through
RG (Refs. 8, 9, 10, 11). The fatigue limit of pulsator tests
can be 20 percent higher than in the RG case (e.g., Ref. 12).
During the years, calculation methods, like the one developed
in the German gear scientific community (i.e., Ref. 13), have
been elaborated, and they allow a validated transfer of pulsa-
tor test data into strength values that can be used in the actual
design phase.

Specimen Definition

"The definition of the gear specimen geometry includes both the
selection of the number of teeth and the design of the tooth
geometry and profile. This has been done considering two main
constraints. Firstly, the selection of a hobbing tool that already
exists. Secondly, the possibility of performing tests at loads
compatible with the testing machine, whose maximum load is
60 kN.

Moreover, although the test results should be independent
of the geometry used, it has been considered that the calcula-
tion methods, however sophisticated they may be, introduce

approximations in the calculation of the tooth root stress start-
ing from the applied force. A first approximation regards the
effect of the load application point on the state of stress of the
tooth root, which is not subjected to a pure bending phenome-
non but also compression and shear components. Therefore, an
additional geometric requirement is that the position at which
the pulsator applies the load corresponds to the highest point
of single tooth contact when the toothed sample meshes with
itself in its nominal condition.

An additional design choice is about the selection of the
number of teeth that are located between the test punches,
which corresponds to the number of teeth covered by the
Wildhaber (or span) measurement (Ref. 14). To avoid test-
ing teeth adjacent to those previously loaded, whose roots
may have experienced prior stress cycles, albeit minor, the
authors opted to exclude such teeth from subsequent tests.
Consequently, the span measurement was selected to include
an odd number of teeth, maximizing the number of usable
specimen’s extractable from a single gear.

All the above requirements lead to the definition of the spur
gear geometries reported in Table 1. The gears have 32 teeth,
and the number of teeth considered for the span measure-
ments was set to 5. As a result, each gear specimen allows for
the extraction of eight testable pairs of teeth.

The adopted gear specimens completely follow the pro-
duction cycle of Leonardo. Hence, all gears present ground
flanks. The difference between the two geometries is related
to the possibility of having or not having a ground tooth root,
depending on the different manufacturing processes. That is,
the “Fillet Unground” geometry has a tooth root whose actual
profile is produced during the tooth generation process, while
the “Fillet Ground” root is manufactured using form grinding.

Fillet Ground Fillet Unground
Number of Teeth [-] 32 32
Normal Module [mm] 3.76 3.7
Normal Pressure Angle [°] 22.00 20.00
Base Diameter [mm] 111.55 111.55
Effective Face Width [mm] 15.00 15.00
Tip Diameter [mm] 130.00 130.00
Root Diameter [mm] 111.33 111.33
Add. Modification Factor (x) [-] 0.13 0.37
Tool Dedendum Coefficient [-] 1.16 1.15
Tool Addendum Coefficient [-] 1.33 1.36
Root fillet radius (full fillet) [mm] 1.67 -
TIF diameter [mm] 113.96 -
Top land [mm] 1.71 1.71

Table 1—Spur gear geometries.
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Furthermore, the adopted geometry incorporates features
representative of practical applications, as shown in Figure 1.
For instance, a thin rim—characteristic of lightweight gear
designs—was included with proportions consistent with typi-
cal helicopter industrial practice. Another example is lateral
fillets, which reduce stress at the base of the tooth.

Starting from the gear geometry, the relationship between the
applied load and the corresponding tooth root stress can be assessed
by means of both FEM analysis and the application of AGMA and
ISO standard rating formulae, as summarized in Table 2.

Test Method

There are two main types of pulsator testing (e.g., Refs. 15, 16,
17). In the first, called symmetric, the gear blank is not sup-
ported during the test execution and is loaded isostatically by
the anvils, which, thanks to the Wildhaber measurement prin-
ciple (Ref. 14),1oad two teeth at the same diameter, thus testing
a pair of teeth at a time. Since the gear is not constrained by any-
thing other than the anvils, once the test is completed (i.e., when
the tooth fails), it can be immediately removed by an extraction
device. For this reason, this approach, which is more common in
Europe, can also be applied to mechanical resonance pulsators.
In the second, corresponding to the SAE J1619 (Ref. 18) (firstly
proposed by Buenneke et al., Ref. 15) called asymmetric, the
gear blank is supported by a pin and only one tooth is actually
tested: due to the presence of a supporting pin, the procedure
is not compatible with a mechanical resonance pulsator because
the gear cannot be immediately removed at the end of the test.

Figure 1—Isometric section of the specimen with some dimensions
highlighted.

'The latter layout corresponds literally to the definition of single
tooth bending fatigue (STBF). This test configuration, which
is typically applied with hydraulic machines or with machines
that can be immediately stopped at failure, is more frequently
applied in the United States and United Kingdom.

The tests performed within the framework of the present
experimental program have been carried out with the symmet-
ric configuration on a mechanical resonance pulsator, except
for some tests that have been performed with a different layout
and fixture, with a hydraulic machine, suitable for the applica-
tion of load spectra to assess the robustness of the approach
under variable load conditions.

For each family of gears considered, two types of tests are per-
formed to investigate the strength of the tooth root. One is the
actual fatigue test, in which a pulsating load is applied at a fixed posi-
tion of the tooth flank until the failure of the specimen. The fatigue
tests discussed here have been performed on a 60 kN Schenck
mechanical resonance pulsator at a load frequency of about 35 Hz.

The latter is a static test on a hydraulic machine, performed
to evaluate the ultimate strength of the teeth. Even if the
static properties of the materials are already part of Leonardo’s
expertise, and the quality control of production processes guar-
antees the fulfillment of the relevant requirements (i.e., all
incoming raw materials are tested), for the sake of complete-
ness, static tests are also performed on the gear specimens (and
not on classical uniaxial specimens) to be consistent with the
fatigue tests. In this way, a more complete and coherent char-
acterization of the root strength is provided.

Figure 2—Pulsator test arrangement.

Grinding process F [kN] o ro—AGMA [MPa] or—1S0 [MPa] o7 [MPa] - FEM
Fillet Unground 382.2 5134 421.9
10
Fillet Ground 361.6 4743 417.6

Table 2—Force-stress relationship.
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A typical test campaign involves the execution of about
35 pulsator tests, with points distributed along the entire
Woahler curve. The run-out level was set at 10 million cycles.
Conversely, for the root ultimate load, 2/3 tests are carried out
for each family. Figure 2 shows the fatigue test, while Figure 3
shows an example of the results obtained from the static tests.

Pulsator tests are completed with various related activi-
ties. The first, carried out at the beginning of each test batch,
involves the use of a strain-gauged gear to verify the alignment
of the machine, checking that the machine provides a well-
distributed state of stress along the root width. The information
provided by this gear, shown in Figure 4, has also been used to
verify the validity of the developed FEM models (e.g., Refs. 3,
6). Other related activities are aimed at evaluating the material
from a more metallurgical point of view, such as SEM analysis

100

of fracture surfaces to investigate the origin of the fracture (e.g.,
Figure 5), and microhardness profile analysis (e.g., Figure 6).

Data Evaluation Procedure
The aim of each experimental campaign is the definition of a
continuous function that characterizes the complete S-N curve,
ensuring a seamless representation across all fatigue life regions.
According to the design procedure adopted by Leonardo, a
continuous curve defined according to the following analytical
equation has been used:

S 14+ AN+ 0"

St o (1)

where S is the stress, N the number of cycles, S, the fatigue
limit, and H, A, B and C are constant.
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Figure 3—Static test phase.

Figure 4—Strain-gauged gear for alignment verification.
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Figure 5—Example of SEM analysis of a broken tooth. Here, the fail-
ure was caused by a subsurface defect.
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Depending on the constants introduced, different trends
can be obtained. In the first phase, several shapes have been
considered based on previous experiences of Leonardo to
understand which were more suitable to fit the experimental
test data on gears. Eventually, one of those, named GEAROS,
has been selected. The selection of the most suitable curve
has been done based on the minimum value of the coef-
ficient of variation (CV), i.e., the ratio between standard
deviation and mean, of the fatigue limit predicted by each
of them. One more shape curve, named GEARO6, has been
defined during the present research program, with the scope
of enabling the fitting capability in the region of fatigue
strength, and of obtaining CV values lower than those of the
already available curves.

Therefore, the constants of the GEARO06 curve have been
determined by means of a minimization procedure of the CV,
for each of the families considered in the research program. In
this context, CV is also used to evaluate the robustness of the
single tested family.

In the definition of the GEARO06 curve, the ultimate
strength of the tooth is also considered. In this way, a strong
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Figure 6—Example of a hardness profile as a function of depth.

correlation between the fitted curve and the experimental data
in the low-cycle fatigue regime is provided. In any case, this
does not mean that the curve is meant to be applied in the
low-cycle fatigue region, where a strain-based approach should
be used instead of the stress-based one, which is limited to the
high-cycle fatigue region.

This paper is not focused on discussing the differences
among the different shapes of the S-N curve, and for this rea-
son, the results of the single families of materials are presented
in terms of the GEARO6 curve only. Nevertheless, a summary
in terms of the GEAROS5 is also included.

The parameters are estimated by means of a minimization
procedure in which, for mathematical reasons, tests that did
not end with a failure (i.e., the runouts) are considered as fail-
ures. At the earliest stages of this long-term research project,
some very-high-cycle (i.e., 210°) pulsator tests have been con-
ducted to verify that the proposed curve properly represents
the root lifetime at a very high number of cycles; that is, to
verify the presence of the horizontal asymptote represented by
the fatigue limit. Figure 7 shows an example of the estimated
curve together with the experimental points.

85 e Failures
80 2 Survivals
758 » Static
70 Gear 05
=== \ Gear 06
65 \
=60
=3
© 55
®©
§ %
50
%:
45 o [ ] ]
... ‘i\. o
40 ° =
T

10° 10 102 10°  10*  10°  10° 107 10%  10°
Number of cycles

Figure 7—Example of estimated curves.
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Figure 8—Fatigue data overview.
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. : Tooth root . St cv No. tested
Base material Shot peening condition Family name kN % specimen
No Ground 9310 VIM-VAR 35.781 12.4 16
1st variant Ground 9310 VIM-VAR — SP1 40.807 44 39
2nd variant Ground 9310 VIM-VAR — SP2 39.629 6.8 29
3rd variant Ground 9310 VIM-VAR — SP3 39.644 3.1 32
R Ground-+Isotropic
9310 VIM-VAR 1st variant superfinishing NO
Ground-+Isotropic SP+ISF
1st variant superfinishing
REACH compliant
Ultrasonic SP Ground 9310 VIM-VAR — USP 36.558 17.7 32
: 9310 VIM-VAR —
1st variant UnGround SP+UG 36.140 4.3 20
9310 VAR Yes Ground 9310 VAR 37.464 3.4 22
VASCOJET Yes Ground VASCOJET 27.400 13.7 32
X-53 VIM VAR Yes Ground X-53 VIM-VAR 41.590 55 29
Table 3—Main families of tested case-hardened gears.
. . Tooth root . St (o1 No. tested
Base material Shot peening condition Family name kN % specimen
No 36-40 HRC 32CDV13-01 38.485 3.08 24
No 40-44 HRC 32CDV13 - 02 36.492 3.79 34
32CDV13
No 36-40 HRC 32CDV13-03 41.613 124 32
Yes 40-44 HRC 32CDV13 -SP 37.882 10.3 28
No 40-44 HRC Nitralloy N 30.918 4.40 34
Nitralloy N
Yes 38-42 HRC Nitralloy N — SP 38.593 8.65 25
Table 4—Main families of tested nitrided gears.
% 9310 VIM-VAR ossd sl el el sl sl 32CDV13 - 01
—— 9310 VIM-VAR - 1
BEn L 9310 VIM-VAR - 2 ™ 32CDV13 - 02
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Figure 9—Curves of the tested case-hardened gears. Figure 10—Curves of the tested nitrided gears.
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Base material Heat treatment Iflfl (;,"/Y ':gé:;?;t::
AERMET100 (AMS6532) Hard. and double draw 32.237 7.89 25
CRES, PH13-8MO (AMS5629) Prec. hard. H1000 29.596 6.13 29
CRES, 15-5PH (AMS5659) Prec. hard. H1025 29.880 6.24 25
STL-ALY 4340 (AMS6415) Hard. and draw (Ftu 1099/1246) 28.789 3.24 25

Table 5—Other families.

120 JEEH L L AERMET100
110 — —— CRES, PH13-8MO Sl B [ 9310 VIM-VAR
—— 9310 VIM-VAR - SP1
100 | CRES, 15-5PH —— 9310 VIM-VAR - 2
90 \ —— STL-ALY 4340 | 9310 VIM-VAR - 3
€ | 9310 VIM-VAR - USP
80 ——9310 VIM-VAR - UG
70 \ |—— 9310 VIM-VAR - SP+ISF|
= 50 ——9310 VAR
2 60 3 xﬁsssc\g VVAR
e)
I B 1NN T e 32CDV13 - 01
3 s0 Sl NSNS | e 32CDV13 - 02
------ 32CDV13 - 03
\\ rrrrr 32CDV13 - SP
00— 11— TN~ 11— 1 N el L e Nitralloy N
\ """ Nitralloy N — SP
------- AERMET100
\\ T 30 |-~ CRES, PH13-8MO
T J 11 AT M1 . 1 1 N 1 0 A I oma s R A A CRES, 15-5PH
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Number of cycles Number of cycles
Figure 11—Curves of the tested “other” materials. Figure 12—All curves, estimated according to the GEARO5 curve shape.
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Figure 13—All curves, estimated according to the GEAROG6 curve shape.
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Tests Results

More than 650 fatigue tests have been performed in these 20
years, for a total number of cycles of 3.13 billion load cycles,
which corresponds to a machine time of almost 3 years. Figure
8 reports all those data points. Among the tested families, the
application of isotropic superfinishing to the root with two dif-
ferent processes (i.e., REACH-compliant and non-REACH-
compliant) to gears in AISI 9310—shot peened—did not result
in curves that are statistically different. Therefore, both families
have been merged into a unique one (i.e., 9310 VIM-VAR -
SP+ISF)

Table 3, Table 4, and Table 5 summarize the main tested
families, while Figure 9, Figure 10, and Figure 11 report the
corresponding GEARO6 curves. Instead, Figure 12 and Figure
13 provide a comprehensive summary of all the tested speci-
mens. All curves (and data) reported here are average ones
(i-e., 50 percent probability of failure).

Considering the gear material presented here, for case-
hardened gears, X-53 VIM-VAR presents higher strength
values than 9310 VIM VAR. However, at this moment,
the application of Isotropic Superfinishing to shot peened
9310 VIM VAR (i.e., 9310 VIM-VAR - SP+ISF) provides
the highest fatigue limit. In any case. tests on the isotro-
pically finished version of X-53 VIM-VAR are currently
ongoing. Focusing on nitride gears, 32CDV13 can be con-
sidered the most suitable one. Other materials presented
here exhibit lower performance and are used for noncritical
parts and accessories.

The tooth root grinding is beneficial to the load capacity
of the tooth root. This not only reduces the nominal stress
at the tooth root (see Table 2) but also improves the sur-
face conditions of the same. In fact, comparing the allow-
able stress limit for “9310 VIM-VAR — UG” and “9310
VIM-VAR - 1,” higher values are shown by the case with
ground root.

Shot peening can significantly improve the root
strength, inducing beneficial compressive residual stresses
in the surface layer. This surface treatment mitigates the
initiation and propagation of fatigue cracks, particularly
under high-cycle loading conditions, thereby extending
the service life and reliability of critical transmission com-
ponents. In particular, for nitrided gear teeth, the possibil-
ity of increasing the fatigue limit through shot peening
has been shown.

The strength values reported here are significantly higher
than the values typically proposed by the standards, which are,
fittingly, conservative. Such high strength values are achieved
thanks to the selection of materials with very high cleanli-
ness. Indeed, the higher the cleanliness, the higher the fatigue
strength, as can be seen by comparing the cases of “9310 VAR”
and “9310 VIM-VAR.”

It is important to note that the curves presented herein
correspond to experimental data obtained from pulsator test-
ing. These results reflect raw test outputs and are not directly
applicable to design calculations. Before use in the design
process, the data must be appropriately elaborated. A recom-
mended method for such data processing is described in Refs.
13 and 19.
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Conclusions

The extensive test campaign presented herein, encompass-
ing the principal design alternatives currently in use, has
resulted in the development of a comprehensive material
database that serves as a foundational element for a robust
and efficient design methodology. This dataset also enables
refined fatigue damage assessments based on the complete
operational flight spectrum.

The test procedure developed through this research ini-
tiative has been institutionalized as the standard protocol
within Leonardo Helicopters for the systematic evalua-
tion, benchmarking, and qualification of novel materials,
advanced manufacturing processes, and innovative struc-
tural designs for gear components. This methodology now
serves as a foundational element in Leonardo’s material
and process validation framework, ensuring consistency,
reliability, and compliance with aerospace performance and
safety requirements.

The availability of a comprehensive database of Wohler
curves for materials employed in helicopter applications—
capturing both the fatigue limit and the low-cycle fatigue
behavior—enables a more accurate and reliable design pro-
cess. Such a resource allows engineers to better predict com-
ponent life and optimize structural integrity from the earliest
stages of design. Although regulatory standards mandate
full-scale testing, these tests not only confirm the results
derived from the initial material testing campaign that gen-
erated the database but also provide essential data for calcu-
lating cumulative damage in accordance with the operational
flight spectrum.

In compliance with current regulatory requirements
(CS 29.571, Ref. 20), full-scale fatigue testing of complete
helicopter gearboxes is performed to gear safe life sub-
stantiation. These tests are conducted under conditions
that reflect the expected in-service power levels for each
gear, incorporating a safety factor of 1.4 for a single test
(or derived for multiple tests) to account for material and
manufacturing variability.

The Safe Life evaluation is conducted through cumulative
damage analysis in accordance with Miner’s Rule, utilizing
the Wohler curves positioned in accordance with the full-
scale test outcomes in conjunction with the detailed flight
load history.
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