International Journal of Applied Engineering Research, ISSN 0973-4562 Volume 12, Number 21 (2017) pp. 11306-11322
© Research India Publications, http://www.ripublication.com

Bending Fatigue Strength of Case Carburized and Nitrided Gear Steels
for Aeronautical Applications
C. Gorla, F. Rosa, E. Conrado
Politecnico di Milano, Department of Mechanical Engineering,
Via La Masa 1, 20156 Milan (MI), Italy.
E-mail: carlo.gorla@polimi.it - ORCID 0000-0002-7840-8300
francesco.rosa@polimi.it - ORCID 0000-0002-9207-0991
edoardo.conrado@polimi.it - ORCID 0000-0003-2223-0571
F. Concli
Free University of Bolzano/Bozen,
Faculty of Science and Technology,
Piazza Universitá 1, 39100 Bolzano (BZ), Italy.
E-mail: franco.concli@unibz.it - ORCID 0000-0002-1237-5542

Abstract: A long-term research program was performed
in order to experimentally characterize the bending fatigue
resistance of high strength, high cleanliness gear steels typically used in the main gearbox of helicopter transmissions.
The investigation was focused on the two main classes of
gear steels adopted in this type of high power density transmissions, i.e. case carburizing and nitriding steels. A total
of eight test variants were tested considering three different case carburizing and two nitriding steel grades along
with shot peened and unpeened conditions. STBF (Single
Tooth Bending Fatigue) tests were conducted on gear specimens having the same geometry and produced with the
same manufacturing cycle in order to obtain results directly
comparable between each other, as well as with the limit
values given by gear standards. The results showed that
fatigue limits significantly higher than those provided by
gear standards can be achieved for both case hardened and
nitrided steels for aeronautical applications. Moreover, the
significant increase of the bending fatigue strength obtainable by means of shot peening, even for this class of high
strength steels, was quantified for both case carburized and
nitrided gear steels.
Keywords: Gear, Bending, Fatigue, Carburizing, Nitriding, Shot Peening.

INTRODUCTION
In the aerospace field, where lightweight requirements and
high power density are of paramount importance, a precise knowledge of gear performances is fundamental. This
knowledge, in fact, is essential to evaluate the applied
safety margin. Nevertheless, it is widely known that the
performances of gears made of high cleanliness steels for
aerospace applications are much higher than the strength
of standard steels of the same classes. Therefore, the rating
of their load carrying capacity can be significantly underestimated if performed on the basis of the material data
provided by gear standards.
Fatigue data obtained from tests on standard or toothlike specimens can be considered to overcome this problem.
Nonetheless, the use of these data does not provide gear
designers with a precise rating of the performances of
gear materials since their adoption requires the introduction of several simplifying assumptions to transform the
bare material properties into data referred to gears (see e.g.
[1], [2]). In fact, on the basis of previous experiences of the
Authors, who in the past performed several tests concerning
the bending fatigue behaviour of case hardened and nitrided
gear materials for industrial applications [3], of surface
hardened steels for large gears [4], as well as austempered
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ductile iron gears [5], the properties of gears are influenced,
not only by materials and heat treatments, but also by other
factors, including tooth root geometry, size, finishing operations, with consequent surface roughnesses and residual
stresses, just to mention the most important. For these reasons, material data for the purpose of precise gear rating
should be obtained by tests on gear specimens.

more advanced steel alloys for aerospace applications and
compared them to AISI 9310.
Besides high strength ultra-clean case hardened steels,
another class of steels for aerospace applications suffers of
the same problems. Nitriding steels are, in fact, adopted in
some helicopter transmission systems to manufacture the
gears for which heat treatment distortions can be critical.
Nevertheless, the literature does not provide gear specific
data for the nitriding steels typically used in the aerospace
practice. For this reason, nitrided gears are another solution worthy to be investigated and to be compared with
case hardened gears. Furthermore, even if nitrided gears are
sometimes shot peened in the aerospace practice, literature
data also on this aspect are lacking.

In spite of the utmost importance of these data, a limited amount of literature presents, analyses and discusses
bending fatigue results obtained from tests on gears for
aerospace applications. The main source of public data
seems to be the NASA reports archive, but the data of this
archive are mainly focused on contact and bending fatigue
of case hardened gears only.
A first series of reports presents the results of experimental tests aimed at assessing the contact fatigue behaviour
of gear steels for aircrafts. Townsend et al. [6] presented
the results of pitting tests performed on a mechanical
power recirculation test rig. In particular, Townsend et al.
focused their investigation on the AISI 9310 VIM-VAR,
which represents the standard solution in the field of helicopter gearboxes. For the same material, Townsend et al.
[7] reported other experimental results in terms of analytical load-life curves, thus providing additional information
concerning the S-N curve for pitting of such material. The
effect of shot peening on the pitting behaviour was studied by Townsend et al [8]. Data concerning the contact
fatigue behaviour of more performing aerospace steels,
including EX53, were presented in [9] and [10]. All these
papers showed that the pitting performance of aerospace
gear materials are significantly higher than that obtainable
for gear materials for industrial applications (see e.g. [11]
and [12]).

Apart from the limited amount of literature data publicly available, other problems make it difficult to compare
the bending fatigue performances of the different types of
aerospace gear steels with the limit values given by gear
standards, as well as between each other.
The results found in literature, in fact, are not directly
comparable with the data of the standards, due to a different
statistical analysis involved, and/or to a different method to
relate the applied loads to the tooth root stress, and/or for the
different load cycles considered in terms of R ratio. The literature data, therefore, cannot be used nor to rate aerospace
gears by means of the methods defined by gear standards,
nor to compare gear steels for aerospace applications with
the materials rated by these standards.
The cited published data on bending fatigue behaviour of
aerospace gears, in general, do not provide results homogeneous with the S-N curves assumed by the standards
(Life Factor), since they are often interpreted on the basis
of different load-life curves, corresponding to the practical
approach used by the authors or by the involved companies. Furthermore, concerning the fatigue behaviour in the
region of VHCF (Very High Cycle Fatigue), the standards
provide only a range in which designers have to select an
adequate value of the life factor on the basis of the available
data: for this reason, test data in the 107 - 108 cycles region
represent a valuable information for gear designers.

Coming to bending fatigue, Wheitner et al. [13] published bending fatigue data for aerospace materials, and,
in particular, for AISI 9310. These data, which included
also results for shot peened gears, pointed out that, even if
shot peening represents an accepted and effective way to
improve the bending fatigue performances, sometimes it
provides contradictory results and, in any case, difficult to
forecast especially for case hardened gears. The ISO Standard 6336-5 [14], for instance, allows for an improvement
due to shot peening amounting at 5% for the highest material quality. Nevertheless, higher benefit can be obtained,
depending on the parameters of the process.

For all these reasons, a long-term test program aimed
at investigating bending fatigue properties of steels for
application in the Main Gear Boxes (MGB) of helicopters,
including both nitriding and case carburizing steels, was
performed.

More recently Low Cycle Fatigue data concerning
the bending strength of AISI 9310 were published by
NASA [15]. NASA also published ([16] and [17]) data for

The main objectives of this program were the following:
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• asses aerospace gear materials with respect to bending
fatigue
• compare the performances of case carburized versus
nitrided gears
• provide data to be introduced in the rating methods
for bending fatigue
• include in the rated performances the effect of shot
peening
• provide information useful to define S-N curves
consistent with ISO standards
• investigate the behaviour up to 108 cycles for a specific
material

were used to manufacture the specimens of these families.
Since the VIM-VAR AISI 9310 is among the most commonly used materials for aerospace gears, it was taken as
a baseline and compared with the VIM-VAR EX-53 steel,
as well as with the VAR AISI 9310. Three families of gear
specimens (451, 751 and 651, respectively) were obtained
from these materials using the same manufacturing cycle.
At the end of their production cycle, in accordance with the
standard practice for case carburized gears of the involved
helicopter transmission manufacturer, the specimens were
shot peened. With the aim of quantifying the increase of the
bending fatigue performances obtainable by means of shot
peening, an additional gear specimen family (3251) was
manufactured from VIM-VAR AISI 9310 and subjected to
the same manufacturing cycle of the other family obtained
from the same base material, but leaving it unpeened.

The present paper, on the basis of the data obtained
by the authors, partially already presented at some conferences ([18], [19]), proposes a synthesis of the results
of this research program along with additional analyses
aimed at obtaining homogeneous data with those of gear
standards. The data considered are represented by all the
experimental results obtained by the authors and include
those for nitrided gears, so that a comparison of the different behaviours of aerospace case hardened vs. nitrided
gears is also enabled, both in terms of fatigue limits and of
S-N curve slopes in the fatigue strength region. Moreover,
for both case carburized and nitrided gears, results of tests
on unpeened and shot peened gear specimens made of the
same base material and produced with the same manufacturing cycle are presented in order to quantify the effect
of shot peening on the bending fatigue performance of the
gear material investigated.

The remaining four families of gear specimens were case
nitrided with a target minimum surface hardness of HRC
60. In order to compare the performances of different base
materials, two nitriding steel grades, commonly adopted
as an alternative to case hardening steels to reduce heattreatment distortions, were considered: the 32CDV13 and
the Nitralloy N. Two variants (851 and 951) were manufactured from 32CDV13 with two different target ranges
for core hardness: 37-40 HRC for the 851 family and 4144 HRC for the 951 family. The gear specimens of these
two families were left unpeened at the end of their manufacturing cycle in accordance with the standard practice
for nitrided gears of the involved helicopter transmission
manufacturer. The other two families (1051 and 1051/1)
were obtained from Nitralloy N. One of these two families was left unpeened, while the other one, after the same
manufacturing cycle, was shot peened in order to have an
evaluation of the influence of this process on the fatigue
strength of nitrided gear steels.

EXPERIMENTAL
Materials and test variants

Single Tooth Bending Fatigue (STBF) tests [20] were performed on eight families of gear specimens in order to
characterize the bending fatigue strength of carburized and
nitrided gear materials for aeronautical applications. Table
1 summaries the characteristics of these eight test groups.

Gear specimens

The main characteristics of gear specimen geometry, summarized in Table 2, were chosen in order to be representative of main power gears used in helicopter transmissions.
The test gears had 32 teeth and a module of 3.773 mm. The
gear body had a web-ring structure typical of lightweight
design solutions for aerospace gears. Nevertheless, the
value of the backup ratio, i.e. the ratio between the ring
thickness and the tooth height, was slightly higher than the
limit value below which an influence of the gear body on
the tooth root stress distribution is generally considered non

Four families of gear specimens were case carburized
and hardened to a minimum surface hardness equal to
HRC 60 with a target effective case hardening depth of
1 mm and a core hardness ranging from HRC 38 to 41.
With the aim of comparing the performances obtainable
by different base steels in combination with this thermochemical process, three different carburizing steel grades
3
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Table 1. Test gear specimen families
Family
451
3251
651
751
851
951
1051
1051/1

Base Steel
VIM-VAR AISI 9310
VIM-VAR AISI 9310
VAR AISI 9310
VIM-VAR EX53
32CDV13
32CDV13
Nitralloy N
Nitralloy N

Heat treatment
Case carburizing
Case carburizing
Case carburizing
Case carburizing
Nitriding
Nitriding
Nitriding
Nitriding

Surf. hardness
>60 HRC
>60 HRC
>60 HRC
>60 HRC
>60 HRC
>60 HRC
>60 HRC
>60 HRC

Core hardness
38-41 HRC
38-41 HRC
38-41 HRC
38-41 HRC
37-40 HRC
41-44 HRC
41-45 HRC
41-45 HRC

Shot Peening
Shot peened
Unpeened
Shot peened
Shot peened
Unpeened
Unpeened
Unpeened
Shot peened

FIGURE 1. The mechanical resonance Schenck pulsator used to perform STBF tests.

negligible [21]. The teeth of gear specimens had a standard
involute profile with a pressure angle of 22.5◦ and a circular tooth root fillet profile: a solution commonly adopted
for aerospace gears to reduce the stress level at the tooth
root fillet and, thus, to increase their bending load carrying
capacity. Test gears had not any tooth flank modification in
order to avoid any influence of these modifications on the
tooth root stress distribution [22].

grinding process. After the finishing process, case hardened gears were shot peened, apart from the family 3251,
while case nitrided gears were left unpeened, apart from
the family 1051/1.
At the end of the manufacturing cycle, the gear specimens were inspected to ascertain their accuracy grade and
to measure the surface roughness at the tooth root fillet.
Table 3 lists the average values of the surface roughness
parameters measured for the different test families. The
values of the mean arithmetic surface roughness were practically equal for the different families and corresponded to
the design value of 0.5 µm.

Table 2. Main gear geometry data
Parameter
Number of teeth
Normal module
Helix angle
Pressure angle
Pitch diameter
Base diameter
Tip diameter
Face width

Unit
(-)
(mm)
(◦ )
(◦ )
(mm)
(mm)
(mm)
(mm)

Value
32
3.773
0.0
22.5
120.74
111.55
130.0
15.0

Test rig

All the groups of gear specimens, after the premachining, roughing and semi-finishing processes of gear
teeth, were subjected to the thermo-chemical treatment, i.e.
case hardening or nitriding depending on the family. After
their heat treatment, the tooth flanks and the tooth root fillets of all the test gears were ground by means of a form

The STBF tests were performed at Politecnico di Milano
using a mechanical resonance Schenck pulsator with a load
capacity of 60 kN, shown in Figure 1. This resonance
machine, originally developed and usually employed to
perform axial fatigue tests on cylindrical specimens, was
4
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Table 3. Surface roughness parameters of the tooth root fillet profile.
Description
Arithmetic mean roughness
Mean peak-to-valley roughness
Total peak-to-valley roughness

Parameter
Ra (µm)
Rz (µm)
Rt (µm)

451
0.54
1.88
2.28

3251
0.52
2.09
2.91

651
0.53
1.90
2.48

751
0.52
1.90
2.42

851
0.45
1.37
2.01

951
0.53
2.12
2.73

1051
0.52
1.74
2.38

1051/1
0.50
1.44
1.92

planar surfaces used to load gear specimen teeth and the
axis of the pin-fitting hole. Thus, thanks to same principle
used for the Wildhaber measurement, the two anvils loaded
two teeth along a direction tangent to the base circle, and,
hence, normal to their flank surfaces. The applied load was
measured by means of a load cell positioned between the
base plate of the fixed anvil and the test rig frame.
Using this test apparatus, just varying the length of the
fixed anvil, two possible loading schemes can be adopted:
an asymmetric or a symmetric loading scheme. If the distance between the planar surface of the fixed anvil used
to load gear specimen teeth and the axis of the pin-fitting
hole is set equal to half of the span measure over the number of teeth spanned by the two anvils, the loading scheme
is symmetric, otherwise an asymmetric loading scheme is
obtained.

(a) Close-up of the test gear loaded by the two anvils

In the asymmetric loading scheme, that is practically
coincident with the standardized STBF test [23], only one
of the two loaded teeth is effectively under test, while the
other one acts just as a reacting tooth, being the two teeth
loaded at different heights. If the pin is used during tests,
being part of the load transferred to the machine frame by
the pin-fork system, the load acting on the reacting tooth
is lower than that on the tooth under test. On the contrary,
if the pin is removed before tests, the two teeth are loaded
by the same load, but in any case at different heights.
In the symmetric loading scheme, two teeth are simultaneously loaded at the same height. If the pin is not used
during tests, two teeth are simultaneously under test being
loaded at the same height by the same load. If the pin is not
removed before tests, the two teeth are loaded at the same
height, but by different loads.

(b) Assembly of the test fixture and the gear specimen

FIGURE 2. Gear specimen mounted on the test rig.
Test procedure

equipped with a specifically designed test fixture in order
to perform tests on gear specimens.

In the present research, the symmetric loading scheme was
adopted. In order to obtain such a configuration, the distance between the contact surface of the fixed anvil and the
axis of the pin-fitting hole was set equal to half of the span
measure over five teeth. Thus, the anvils spanned five teeth
of the gear specimen under test. Consequently, having the
test gears 32 teeth, each gear specimen could be used to

The test fixture, shown in Figure 2, includes a positioning fork equipped with a pin and two anvils: a mobile anvil,
connected to the loading system of the machine, and a fixed
one, rigidly connected to the machine frame.
The two anvils were manufactured and positioned on
the test rig guaranteeing a strict parallelism between their
5
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perform eight independent tests leaving untested the teeth
nearest to those already tested.

fillet. For this reason, FE analyses were performed to establish a precise correlation between the applied load and the
corresponding maximum bending stress at the tooth root
fillet.

In the adopted test procedure, the pin and the fork were
employed only to correctly set the position of gear specimens. Therefore, before each test, after positioning the
gear specimen and applying a light static pre-load used to
fix the gear specimen position, the pin was removed so that
the gear blank was left unsupported during tests. In this
configuration, thanks to the preliminary positioning of the
gear, two teeth of the gear specimen were loaded simultaneously by the two anvils at the same height by equal
and opposite forces that were self-balanced. In particular,
the test fixture and the gear specimens were designed so
that the two teeth under test were both loaded by a force
applied at the HPSC (High Point of Single Tooth Contact)
of a virtual gear pair made of two toothed wheels having
the same geometry.

Figure 3 shows the model used for the FE analyses in the
adopted CAE system (Dassault Abaqus 6-13.1). Assuming
that the stiffness of the mechanical pulsator structure was
much higher than gear stiffness, only the gear specimen and
the loading anvils were included in the analyses. Furthermore, since the gear-anvils subsystem was symmetric with
respect to the two orthogonal planes shown in Figure (a),
only a quarter of this subsystem was considered, while the
effects of the other portions were reproduced by applying
adequate boundary conditions. The gear model was further
simplified by assuming that the teeth far from the loaded
tooth did not influence the root fillet stress distribution and
the contact between the gear flank and the contact surface
of the anvil was frictionless.

The tests performed were load controlled fatigue tests in
which pulsating, sinusoidal load cycles with a load ratio R
= 0.1 (i.e. the ratio of minimum to maximum applied load)
were applied at frequency of about 34.5 Hz. The tests were
interrupted if a tooth failed or, if there was no tooth failure
before, when 107 load cycles were reached (run-out), apart
from some tests aimed at exploring the range of VHCF
(Very High Cycle Fatigue) that were conducted up to 108
cycles.

The geometrical models of the two parts were meshed
(Figure (a)) using tetrahedral elements with second order
shape functions, since the meshing with hexahedral element was not feasible on such a detailed model (even
chamfers and rounds have been considered). About a half
million elements were generated to represent the subsystem
depicted in Figure (b).
According to the ISO standard approach, it was assumed
that the failure index for bending fatigue is the maximum
principal stress (MPS) at the tooth root fillet. The contour
map of the MPS at the root fillet of the loaded tooth is
shown in Figure (b). The MPS reached its maximum value
equal to 642.6 MPa in the middle of the face width at a
diameter equal to 112.668 mm.

TOOTH ROOT STRESS
In order to evaluate the bending fatigue strength of a
gear material from STBF test results, the maximum stress
induced at the tooth root fillet by the applied test load
has to be determined taking into account the gear specimen geometry and the load application scheme. In the
present research, the relation between the applied test load
and the maximum tooth root stress was determined by
means of two different approaches: a numerical approach,
based on Finite Element (FE) analyses, and an experimental
approach, based on strain gauge measurements.

Since these results were obtained by imposing a displacement to one anvil equal to 0.065 mm and not directly
the test load, in order to derive the load-MPS ratio, the
resultant of the anvil reaction force in the load direction
was first determined, and then doubled since only one
half of the anvil was considered in the FE model. As a
result, the following value of the ratio between the maximum value of the MPS and the applied load was obtained:
σF /F = 43.48 MP a/kN.

FE analysis
Strain gauge measurements

Even though gear standards, like ISO 6336-3 [24], provide
approximated analytical methods for the calculation of the
maximum bending stress at the tooth root, these methods
apply properly only to gears with a trochoidal tooth root

The tooth root stresses induced by a given applied load were
also determined by means of strain gauge measurements
carried out, during the set-up of the test procedure, in order
6
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(a) Finite Element Mesh

(a) The sub-system considerded for FEA

(b) Contour map of the Maximum Principal Stress

FIGURE 4. FE model of the loaded tooth.

to verify the alignment of gear specimens respect to the
loading system. A pair of teeth of a gear specimen was
equipped with strain gauges bonded on the surface of the
tooth root fillet at a radial distance of 56.2 mm from the
gear axis, i.e. in the area where the maximum principal
stress was found in the FE analysis. On each tooth of the
pair, on both the right and the left flank, two strain gauges
were bonded on the tooth root fillet at a distance equal to
one third of the face width from the right and left side faces
of the tooth. All these strain gauges were used to measure
the deformation in the tooth profile direction.

(b) Simplified FE model

The measurements were performed mounting the gear
specimen equipped with strain gauges on the testing
machine both in its test position, that is with the face where

FIGURE 3. Geometrical model used for the FE analyses.
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sequence with a step increment d = 1 kN. The up-anddown sequences obtained with a run-out at 107 load cycles
are reported, along with the estimates of the median fatigue
limit µ in terms of maximum test loads, in Tables 4-11.
For sample size equal to 15 specimens, the data were analysed using the staircase method proposed by Dixon-Mood
[26]. In these cases, the standard deviation of the fatigue
limit, σ , and the standard error, s, of the median value estimate calculated according to Dixon and Mood are reported
as well. The other series were analysed according to the
modified staircase method proposed by Brownlee-HodgesRosenblatt [27] for small samples. For the family 451, an
additional staircase sequence was performed with a run-out
at 108 load cycles to investigate the behaviour of this steel
in the VHCF regime. Table 12 lists the results of this short
up-and-down sequence.

the P/N is marked facing the operator, and in the opposite
one. Two series of strain gauges measurements at the tooth
root were performed.
The average value of the deformation measurements
executed at 10 kN on the tension side of the loaded teeth
was equal to 1995 µm/m. The FE analysis at the same load
gave a deformation of 1947 µm/m along the tooth profile direction. The differences between experimental and
numerical results were below the 2.5%. The results of the
FE model were adopted to interpret the experimental test
results.

RESULTS
An average of 28 tests were conducted for each material
family exploring both endurance and limited life ranges of
fatigue life.

In order to determine fatigue limit values in terms of
stresses useful in the gear design process and comparable with those given in gear standards, the bending fatigue
limits for the tested gear materials were calculated as
follows.

The obtained test results for case hardened and nitrided
gear materials are plotted on a log-log scale in the S-N diagrams of Figures 5-8. In these S-N diagrams, the number
of load cycles to failure N obtained in the tests performed
are reported against actual tooth root stresses σF and corresponding maximum applied test loads F . The values of the
tooth root stress σF , corresponding to a given test load, were
determined, according to the methodA proposed by the ISO
standard 6336, by means of the Finite Element Method,
i.e. multiplying the applied test load by the proportionality
factor previously derived by means of this method.

The fatigue limits in terms of test loads were used, along
with the relation between the applied test load and the tooth
root stress previously derived by the FEM, to calculate the
corresponding actual tooth root stresses σF D50% for a 50%
failure probability. The values calculated are reported in
Tables 4-12.
According to the ISO standard, the failure condition for
tooth bending fatigue is reached when the actual tooth root
stress σF becomes equal to the tooth root bending stress
limit σF G . Equating these two stresses, the following relation, between the nominal stress number for bending for
reference test gears σF lim50% and the actual tooth root stress
σF D50% , was obtained and used for the calculation:

These fatigue data were statistically analysed in order to
obtain S-N curves. According to the standard ISO 6336-3,
the shape of the S-N diagram, for all the families tested,
was assumed to be represented, in the limited life range, by
a straight-line with a negative slope on a log-log scale and,
in the endurance range, by a horizontal line corresponding
to the fatigue limit. Endurance and limited life ranges were
analysed separately according to [25]: the fatigue limits
for the different families were estimated by means of the
staircase method, while the limited life range data were
analysed using a linear regression model.

σF lim50% = fp σF D50% / (YST YδrelT YRrelT YX )

(1)

The values of the influence factors, YST , YδrelT , YRrelT
and YX , were calculated according to the method B of the
ISO standard 6336 [16]. The factor fp , introduced in order
to account for the differences between pulsator tests and
tests with meshing gears (see e.g. [28]), was assumed equal
to 0.9 according to [29].
Figures 9 and 10 synthesize the values of the nominal
stress number for bending obtained for case hardened and
nitrided gears, respectively. Here, the diagrams show the
estimated median values and, when available, their 95%
confidence bands derived from the standard error of the
median value estimate. For comparison, an area enclosing

Endurance range

In order to estimate the median value of the fatigue limit
by means of the staircase method, for each material tested,
a set of tests was conducted following an up-and-down
8
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FIGURE 5. STBF test results and median S-N curves - Case carburized gears 451 vs 751.

FIGURE 6. STBF test results and median S-N curves - Case carburized gears 451 vs 651 vs 3251.

9

International Journal of Applied Engineering Research, ISSN 0973-4562 Volume 12, Number 21 (2017) pp. 1–17
© Research India Publications, http://www.ripublication.com

FIGURE 7. STBF test results and median S-N curves - Nitrided gears 851 vs 951.

FIGURE 8. STBF test results and median S-N curves - Nitrided gears 1051 vs 1051/1.
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Table 4. Staircase sequence and median fatigue limit estimate – Material 451
Load
(kN)
42
41
40
39

1

2

3

4

5

x
x

Staircase sequence
7
8
9
10
11
x
x
o
o
o

6
x

o

o

12

13
x

o

14
o

o
x = failure, o = runout

15
x

Fatigue limit
estimate
µ = 40.79kN
σ = 0.84kN
s = 0.33kN
σF D50% = 1773MP a

Table 5. Staircase sequence and median fatigue limit estimate – Material 651
Load
(kN)
38
37
36
35

1

2

3

4

Staircase sequence
5 6 7 8 9

10
x

x
x

x

x

o

x

o

o

Fatigue limit
estimate
µ = 36.45kN

11
x

o

o
σF D50% = 1585MP a

x = failure, o = runout

Table 6. Staircase sequence and median fatigue limit estimate – Material 751
Load
(kN)
42
41
40
39

1

Staircase sequence
4 5 6 7 8
x
x
o
o
o
o

2

3

x
x
x

9
x

10

11
x

Fatigue limit
estimate
µ = 40.91kN

o

o
x = failure, o = runout

σF D50% = 1779MP a

Table 7. Staircase sequence and median fatigue limit estimate – Material 3251
Load
(kN)
38
36
34

1

Staircase sequence
2 3 4 5 6

7

x
x

x
o

x
o

8
x

Fatigue limit
estimate
µ = 35.5kN

o
o
σF D50% = 1544MP a

x = failure, o = runout

the values of the nominal stress number for bending given
by the standard ISO 6336-5 [14] for different material qualities is shown as well. It is worth noting that the values given
by the ISO standard, corresponding to a 1% failure probability, were divided by the reliability factor f1%F = 0.86
necessary to obtain values valid for 50% failure probability
[30].

(640.5 MPa). For the VIM-VAR AISI 9310, the value
of the fatigue limit obtained with a run-out at 108 load
cycles (710 MPa) showed that, in the VHCF range, a small
decrease of the fatigue resistance is possible.
The use of the VAR AISI 9310 steel grade leaded to a
10% lower median value of the fatigue limit, demonstrating
the advantage obtainable by the adoption of a VIM-VAR
process. The unpeened solution showed the lowest fatigue
limit between the tested materials, but its value was still
higher than the limit value given by the ISO standard for the
best quality case hardened steels with a margin of about 5%.
It is worth noting that the increase achieved by shot peening
for the VIM-VAR AISI 9310, about 14%, was nearly three
times the maximum allowable increase for shot peening
prescribed by the standard ISO 6336-5 for the ME quality,
equal to 5%.

For case hardened materials, the best performances
were obtained with the families 451 and 751, i.e. with
the VIM-VAR AISI 9310 and the VIM-VAR EX53. These
two materials showed practically equal estimated median
fatigue limits, respectively 735 MPa and 737 MPa. The
obtained values were significantly higher than the limit
values given by the ISO standard for the best quality
case hardened steels without shot peening (610 MPa) and
also if the beneficial effect of shot peening is included
11
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FIGURE 9. Nominal stress numbers (bending) for case hardened gears.

FIGURE 10. Nominal stress numbers (bending) for nitrided gears.
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Table 8. Staircase sequence and median fatigue limit estimate – Material 851
Load
(kN)
40
39
38
37

1

2

3

4

5
x

o
x

Staircase sequence
7
8
9
10
11

6
x

12

13
x

o

o

x

x

o
x = failure, o = runout

o

14

Fatigue limit
estimate
µ = 38.50kN
σ = 1.86kN
s = 0.67kN

15
x

o

o
o

σF D50% = 1674MP a

Table 9. Staircase sequence and median fatigue limit estimate – Material 951
Load
(kN)
39
38
37
36
35

1

2

3

4

5

6
x

o

Staircase sequence
7 8 9 10 11
x

o
x

12

13

14

Fatigue limit
estimate
µ = 36.63kN
σ = 1.84kN
s = 0.62kN

15

x
o

x

x

o

x

o

o
x = failure, o = runout

x

o
σF D50% = 1592MP a

Table 10. Staircase sequence and median fatigue limit estimate – Material 1051
Load
(kN)
32
31
30
29

1

2

3

4

5
x

6

o
x

x

o

Staircase sequence
7 8 9 10 11
x
x
o
o
o

12
o

13
x

14

Fatigue limit
estimate
µ = 31.07kN
σ = 0.91kN
s = 0.35kN

15
x

o

o
x = failure, o = runout

σF D50% = 1351MP a

Table 11. Staircase sequence and median fatigue limit estimate – Material 1051/1
Load
(kN)
38
37
36

1
x
x

Staircase sequence
2 3 4 5 6
x
o
x
o
o

7

Fatigue limit
estimate
µ = 36.75kN

8

x
o
σF D50% = 1598MP a

x = failure, o = runout

Table 12. Staircase sequence and median fatigue limit estimate – Material 451 VHCF
Load
(kN)
40.0
39.5
39.0
38.5

1
x

2

Staircase sequence
3
4
5
6
7
x
x
o
o
o

o
x = failure, o = runout

8
o

Fatigue limit
estimate
µ = 39.38kN

σF D50% = 1712MP a

Concerning nitreded gears, the highest values of the
fatigue limit were obtained for the two 32CDV13 solutions,
while the nitralloy N showed a significantly lower fatigue
limit. In any case, all the nitreded steels tested showed
fatigue limits significantly higher than that prescribed by
the ISO standard for nitrided steels even if the best quality
ME is considered. It is interesting to notice that the fatigue

limits for the 32CDV13 solutions without shot peening
were similar to the best performing case carburized steels
with shot peening demonstrating the high competiveness
of nitrided steels in terms of bending fatigue performances.
The results for family 1051/1 showed an increase of about
18% respect to the unpeened solution quantifying for this
material the beneficial effects obtainable by means of shot
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FRACTOGRAPHY

peening, which are not quantified by the ISO standard in
the case of nitrided materials.

The fracture surfaces of case carburized teeth failed were
systematically investigated by means of visual inspections
performed with the aid of a SEM (Scanning Electron
Microscope). These anlyses were performed in order to
identify crack initiation sites, crack propagation patterns
and possible anomalies, e.g. atypical fatigue propagation
due to misalignment of the applied load.

Finite life range

For each material family, exploratory tests were conducted
in order to estimate S-N curves in the limited life region.
The test results obtained were analysed by means of the
linear regression method according to the standard ISO
12701 ([25]). The median fatigue life curves derived are
shown and compared in Figures 5-8 for the eight families
tested.

No anomalies were observed on the teeth analysed in
which the fatigue propagation front was always perpendicular to the applied load. The fracture surfaces, as shown in
Figure 11, exhibited the typical stages of bending fatigue
fracture of carburized steels (see e.g. [1]). At crack nucleation sites, an area of primary transgranular stable fatigue
crack propagation was clearly visible (Figure (b)). After
this area, the crack propagated mainly by intergranular fracture until it reached a lower-carbon portion of the case,
where a secondary stage of stable fatigue crack propagation, characterized by transgranular fracture and fatigue
striations visible at the microscopic scale, started. The
fatigue crack propagated until the final overload fracture,
characterized by a dimpled, ductile microstructure, took
place. At the transition between the fatigue propagation
and the final overload area, the crack path changed abruptly
its direction generating the concavity corresponding to the
final overload fracture (see Figure (a)) as observed also in
[15] for the AISI 9310.

Concerning case hardened materials, the VIM-VAR
AISI 9310 and the VIM-VAR EX53 showed superimposed
S-N curves having fatigue limits close to each other, as
previously discussed, and, in the limited life range, similar
slopes of the S-N diagrams. The VAR AISI 9310 steel grade
exhibited, besides a lower fatigue limit, also a slope of the
S-N curve in the limited life range slightly lower than the
VIM-VAR solution. For all the case hardened families, the
transition from the fatigue strength to the endurance region
occurred for similar numbers of load cycles, all in the range
between 9 104 and 3 105 load cycles. It is worth noting that
these numbers of cycles are significantly lower than the
one given by the ISO standard for the so-called “knee” of
the S-N diagram, which is fixed at 3 106 load cycles. This
fact confirms also for this class of gear materials, i.e. case
hardened gear steels for aeronautical applications, what has
been previously pointed out for case hardened steel gears
for industrial applications (see [3] and [31]).

Concerning crack nucleation points, in the majority of
the broken teeth analysed, the crack nucleated at the surface
without the presence of identifiable inclusions or defects.
Only in few failed teeth, crack nucleation points below
the tooth flank surfaces were found (see e.g. Figure 12).
All these teeth were loaded close to the fatigue limit and
showed a long fatigue life that was always higher than 106
cycles. In these cases, it was possible to identify inclusions or microstructural defects of the material at the crack
nucleation points and the crack nucleation site showed the
typical fish-eye appearance like the one shown in Figure
(b). These evidences confirmed the results of the observation presented in [32], concerning case hardened and shot
peened gear steels for industrial applications, in which it
was shown that for high cleanliness steels, fatigue cracks
originate mainly at the surface and their initiation cannot
be correlated with the presence of inclusions or defects.

In the case of nitrided gears, similar slopes of the SN diagram in the limited life range were found for the
two 32CDV13 solutions, while the Nitralloy N unpeened
showed a reduced fatigue limit and slope in the limited life
range. The shot peening process increased the fatigue limit
of the Nitralloy N solution leaving practically unchanged
the position of the transition from the fatigue strength to
the endurance region of the S-N diagram, but reducing the
slope of the limited life part of the diagram. It is worth
noting that, in contrast to what is generally assumed for
nitrided gears, the slopes for the two 32CDV13 solutions
were similar to the ones of case hardened gear specimens.
For all nitrided materials tested, the “knee” of the S-N diagram was found to be at an even lower life than that of
case hardened gears and to lay in the range between 104 to
3 104 , while according to the ISO standard is fixed, also in
this case, at 3 106 load cycles.
14
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(a) Low magnification (25x) micrograph.

(a) Low magnification (25x) micrograph.

(b) Micrograph (200x) showing the bending fatigue crack
origin at surface.

(b) Crack nucleation site

FIGURE 12. SEM micrographs of the fracture surface of a
case carburized tooth showing a crack nucleation site slightly
below the tooth flank surface.

FIGURE 11. SEM micrograph of the fracture surface of
a case carburized tooth failed showing bending fatigue crack
origin at surface.

at the end of their manufacturing cycle, while nitrided gear
specimens were left unpeened. Nevertheless, two additional families, consisting in one unpeened case hardened
and one shot peened nitrided solutions, were tested in order
to quantify, for both case hardened and nitrided gears, the
effect of shot peening.

CONCLUSIONS
In the present research, an experimental campaign was carried out to characterize the bending fatigue strength of the
steel grades typically used as base gear materials in helicopter transmissions. STBF tests were performed on case
hardened and nitrided gear specimens to determine the S-N
diagrams for these gear materials. According to the standard practice of the helicopter transmission manufacturer
involved, case carburized gear specimens were shot peened

The analysis of the obtained test results and their comparison with fatigue strength data given by ISO standards,
apart from providing data directly useable in the design
of aerospace gears against bending fatigue, enable the
following conclusions to be drawn.
15
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The gear materials for helicopter transmissions can
reach fatigue limits significantly higher than those provided
by the ISO standard even if the highest quality grade is considered. For case hardened steels, a value 15% higher than
the maximum admitted by gear standards for the same class
of steels shot peened was obtained. Also the value for the
unpeened solution was higher than the maximum given by
the standard for this condition and the difference was about
5%. For nitrided steels, the values obtained were higher
than the maximum given by the standard of about 30%.

[5]

[6]

The use of a shot peening process to enhance the bending
fatigue performances can lead, also for this class of high
strength steels, to an improvement significantly higher than
that assumed by gear standards. For case hardened steels,
the improvement achieved in the present research by shot
peening was about the 14%, i.e. significantly larger than the
maximum prescribed by the ISO standard, equal to 5%. For
a specific family of nitrided steels, the enhancement of the
properties with shot peening, which is not considered by
gear standards, was also tested, obtaining an increase of the
fatigue limit of about 18%.

[7]

[8]

[9]

[10]

Concerning the shape of the S-N diagram, for both case
hardened and nitrided gears, the transition between the
fatigue strength and the endurance region was significantly
below the number of cycles provided by the ISO standard.
The slope of the curve in the fatigue strength region was
similar for the case hardened and nitrided materials investigated, while the standard assumes higher slopes for the
case hardened solution.

[11]

[12]

[13]
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