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Introduction

Standardized methods, like AGMA 2001-
D04 (Ref.1) or ISO 6336 (Ref.2) for the
calculation of the load carrying capaci-
ties of gears are intentionally conservative
to ensure broad applicability in indus-
trial practice. However, new applications
and higher requirements often demand
more detailed design calculations nowa-
days; for example: long operating lives
in wind power gearboxes or fewer gear
stages and higher speeds in e-mobility
applications result in higher load cycles
per tooth in a gearbox. Higher load car-
rying capacities in the very high cycle
fatigue range (VHCEF) are therefore gain-
ing significance.

One approach to strengthen the tooth
root of gears is to shot-peen the tooth root
fillet. This results in higher compressive
residual stresses in the tooth root area
and can lead to a higher tooth root bend-
ing strength. However, a drawback is that
in the VHCF range, crack initiation can
often occur from below the surface at
a nonmetallic inclusion. Consequently,
a working hypothesis is: the higher the
cleanliness, the fewer and smaller-sized
the nonmetallic inclusions in the material
will be, and therefore the higher the tooth

root load carrying capacity of case-hard-
ened, shot-peened gears. This working
hypothesis is verified in the framework of
this publication.

Brief Overview of the State of
Knowledge

Higher tooth root load carrying capaci-
ties are achievable using a shot-peening
process in the tooth root fillet of gears.
However, a change in the crack area char-
acteristic can occur even up to a high
number of load cycles, i.e. in the VHCF
range. The crack can start in the steel
matrix at a nonmetallic inclusion and
lead to a so-called fisheye failure.

Fisheye Failure: Crack Initiation
Below the Surface at Nonmetallic
Inclusions

Case-hardened, shot-peened gears can
fail due to a crack initiation below the
surface at a nonmetallic inclusion. This
so-called fisheye failure starts in the case
of MnCr- or CrNiMo-alloyed steels (e.g.
20MnCr5 or 18CrNiMo7-6) typically at
two main inclusion types: oblong manga-
nese sulfides in MnCr-alloyed steels and
spherical or oblong aluminum oxides in
CrNiMo-alloyed steels (Figure 1).

Load Carrying Capacity
Characteristics in the VHCF Range

In rotary bending investigations at
room temperature (Ref.3), a two-step
S-N-curve is observable. The first step
describes the surface fatigue limit and the
surface finite life fatigue strength. The
crack initiation is in this case always at
the surface. In the range of higher num-
bers of load cycles, however, the crack
mechanism changes, which leads to a
second step and an internal fatigue limit.
The crack occurs in the internal fatigue
range in the material at a nonmetallic
inclusion. Failures below the surface in
shot-peened standard specimens are also
documented for between 107 and 10° load
cycles (Refs.4-13).

Investigations of up to 1,0'° load cycles,
which showed such failures, have also
been carried out (Refs. 14, 15). Fatigue
failures in the VHCF range have been
documented for bearing steels (Ref. 16),
nitrocarburized specimens (Ref.17), aus-
tempered ductile iron (ADI) (Ref. 18),
dual-phase steels (Ref.19), and welded
joints (Ref.20). Murukami et al. (Refs. 21,
22), Mughrabi (Refs.23, 24) and Bathias
(Refs. 17, 25) do not specify a second
fatigue limit in the range of a higher
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b) Oblong aluminum oxide in
CrNiMo-alloyed steel

c) Spherical aluminum oxide in
CrNiMo-alloyed steel

Figure 1

Typical nonmetallic inclusions in fisheye fracture surfaces of gear steels.
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in (Ref. 26, translated); (y-axis: ratio of nominal tooth root stress o, for each test point

and nominal tooth root stress for 50% failure probability at a load cycle limit of 6 million However, 1n. Refer.enc.e 26, only a limited
Gro--_ewio fOT @ach variant). number of investigations have been car-

ried out on shot-peened gears up to 107

Table1 Overview of the investigated variants and

Bar diameter| D r respectively 108 load cycles on the pulsa-
Variant| Material | Characterization of the heat | Casting method a'in'fn"l:]e er de&%ﬁaet?on tor test rig.
gg OGS 8Deﬂ-ﬂeafm me::eg EOHENUOUS caszinq }gg o1 Schurer (Ref.31) builds on the results
nCr pen-hearth melte ontinuous casting :
S8 Electro-slag remelted (ESR) Ingot casting 100 of Bretl’ (Ref. 26): In the .framework of
Schurer’s work (with experimental results
Table2 Gear data _ _ internationally published in References
Parameter Symbol | _Unit Pinion Wheel 32 and 33), extended experimental inves-
Normal module m, mm 1.5 L
Tooth width b mm 8 tigations on the pulsator and the FZG
Number of teeth /2, - 59 [ 61 back-to-back test rig were performed
Normril_:;irfzs;]l:]rlianqle %ﬂ > 200 regarding fisheye failures in the tooth
Profile shift coefficient X . 043 | 149 root of case-hardened, shot-peened gears.
Transverse contact ratio & - 1.24 The gears were made out of steel with
Base diameter ds mm 83.2 86.0 different degrees of cleanliness. The lim-
Pitch diameter d mm 88.5 915 -
Tip diameter d. mm 915 960 iting number of load cycles was set to

15-10° (for some test points 50-10°) in

Table 3 Shot-peening parameters (manufacturer information) the pulsator tests and 30-10° or 50- 10° in

Gear size m, in mm 15 the back-to-back tests. In the experimen-

Shot-p area Tooth root fillet p
Size and hardness of shot |—-Step | StD-G3, 0.40 mm, VDFI 8001, 700 HV (Cut wire, spherical) tal tests even up to 50-10° load cycles,
2. step Glass beads, 250 — 425 ym tooth root failures due to crack initia-

0,
Shot density in % 1. step 1.00- 1'25Xt98,f’ tion below the surface at a nonmetallic
2. step 1.75-2.00xt98 % . . .

Intensity A 1. step 0.23-0.28 inclusion occurred. This led to a decrease
ntensity in mm 2. step 0.08-0.12 in the tooth root load carrying capacity

in the very high cycle fatigue range. In

Table 4 Tooth root stress resulting from the load torque at the pinion according to Reference 31 addition, it was confirmed that the degree

under consideration of the load-dependent transverse contact ratio

Load torque in Load-dependent Tooth root stress* (under additional consideration of the | of cleanliness has a nonnegligible influ-
l1\|3rg transverse1 cs%ntact ratio dynamic factor K, acc. t1o0 :3%0 6336 (Ref. 2) in N/mm? ence. However, due to the limited num-
150 149 1213 ber of test points, no proper differentia-
170 1.55 1366 tion between the variants could be made.
190 1.66 1489 In particular, no proper differentiation
210 1.69 1630
230 175 1773 could be made based on the degree of
250 1.78 1916 cleanliness. In Figure 3, the test results

*Mean value over the tooth width of the tooth root stress values determined with the aid of RIKOR | (Ref. 34) and taking of three test variants (54, Se, and S8) on

into account the dynamic factor KV=1.06 acc. to IS0 6336 (Ref. 2)
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the pulsator test rig are shown for later
comparison. The test results of Schurer
(Ref.31) on the FZG back-to-back test
rig are directly given in the S-N diagrams
later in the publication.

Aim of the Investigation

The aim of the investigation presented
in this publication was to broaden the
database of the investigations of Schurer
on the FZG back-to-back test rig. On the
one hand, further tests were carried out
and on the other hand, the limiting num-
ber of load cycles was set at 100-10° load
cycles. Three variants (S4, S6, and S8)
from Reference 31 with different degrees
of cleanliness were chosen. Table 1 gives
an overview of the chosen variants and
their properties. Further characteristics
are presented below, in the section on
Material and Gear Characterization. The
variants are all 20MnCr5 steels but have
different process routes and character-
istics. In the second step, based on the
broadened database, a probable correla-
tion between the experimental results
and the degree of cleanliness are checked
again.

The tests were performed on a so-
called FZG back-to-back test rig with
a center distance of a=91.5mm. The
inspection interval for the tests was
2.5-10° load cycles. Test pinion and test
gear are mounted on two parallel shafts.
These shafts are connected to a drive
gear stage with the same gear ratio. A
defined static torque is applied by twist-
ing the load clutch on the two separate
parts of the test pinion shaft. Hereby,
defined weights on a load lever or a brac-
ing device are used. For the investigations
case-hardened gears with a gear size of
normal module 1.5 mm were used. The
gear data are given in Table 2. All gears
were two-staged shot-peened in the tooth
root fillet to induce high compressive
residual stresses. In the first stage, cut
wire was used, and in the second stage,
glass bead; see Table 3.

Please note: The tooth root stress val-
ues are deliberately not shown in the later
S-N curve diagrams. This is due to the
nonlinear relationship between the torque
applied to the pinion and the resulting
nominal tooth root stress. Table 4 lists the
tooth root stress valid for the respective
test torque.

Table 5 Chemical composition of the test variants and threshold values according to DIN EN IS0

83-3 (Ref. 35)

- - Chemical composition in mass-%

Variant | Material ¢ T"Mn T ¢r | Ni [ Mo | S | Al [ Cu | P [ Si
S4 021 {120 | 1.14 | 0.15 | 0.04 | 0.028 | 0.030 | 0.14 | 0.009 | 0.15
S6 20MnCr5 | 0.18 | 1.25 | 1.07 | 0.22 | 0.06 | 0.012 [ 0.023 | 0.09 | 0.012 | 0.26
S8 018 | 112 | 1.15 | 0.19 | 0.05 | 0.006 | 0.019 | 0.12 | 0.016 | 0.16

20MnCr5acc.to| max. [ 0.22 | 140 | 1.30 - - 0.035 - - 0.025 | 0.40
(Ref. 35) min. | 017 | 1.10 | 1.00 | - - - - - - -
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Figure 3 Test results for case-hardened, shot-peened gears on the pulsator test
rig of variant a) S4, b) S6 and ¢) S8 made out of 20MnCr5 (gear data are

listed in Table 2) (Ref. 31, translated).
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a) overview b) tooth root fillet region C) core region

Figure 4 Microstructure of variant S4.

a) overview b) tooth root fillet region

Figure 5 Microstructure of variant S6.

a) overview b) tooth root fillet region C) core region

Figure 6 Microstructure of variant S8.

a) Variant S4 b) Variant S6 c) Variant S8

Figure 7 Surface oxidation of variants S4, S6, and S8.
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Material and Gear
Characterization

In the following, the material and gear
characterization of the three investi-
gated variants is presented. The chemi-
cal composition of the test variants is
listed in Table 5. All three test variants
are within the threshold values accord-
ing to DIN EN ISO 683-3 (Ref.35). It
can be seen that there is a reduced sul-
fur content, especially in the S6 and S8
variants. These values are well below the
threshold value. This measure taken in
steel making should prevent the forma-
tion of manganese sulfide inclusions. The
aluminum content is also lower in the
S6 and S8 variants to prevent the for-
mation of aluminum oxide inclusions.
However, it should be noted that a certain
aluminum content is necessary for fine
grain stability. A reduction in aluminum
contentshould therefore not be taken to
extremes.

Figures 4-6 show the microstructures
of the variants S4, S6 and S8. The micro-
sections for the microstructure are etched
with Nital. In each case on the left side,
an overview is given, in the center the
microstructure in the tooth root fillet,
and on the right, the microstructure in
the core region is shown. All variants
show a smooth transition from the sur-
face layer to the core region with lower
and upper bainite inthe core region. In
the surface layer, variant S4 shows finely
dispersed carbides and martensite, vari-
ant S6shows a fine martensitic structure
with a low content of retained austen-
ite, and variant S8 also shows a lowcon-
tent of retained austenite and martensite.
Figure 7 compares the surface oxidation

of all three variants, which is for all vari-
ants below 3 pm.

To sum up: All test gears show a micro-
structure typical for case-hardened gears
and no anomalies were visible. In addi-
tion, the gears show very low sur-
face oxidation, well below the thresh-
old limits according to ISO 6336, part 5
(Ref. 36).

The dual shot-peening process intro-
duces high residual stresses in the tooth
root fillet. Figure 8a confirms high com-
pressive residual stresses at and near
the surface. The maximum values range
between -1,000 and -1,200 MPa. The
dual shot-peening process has an effec-
tive depth of about 0.15 to 0.20 mm. All
threevariants show a maximum for the
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Figure 8 a) Residual stress depth curves in the area of the tooth root fillet and b) retained austenite
content in the near-surface area (measured by X-ray diffractometry).
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Figure 9 a) Stacked bar diagram of the cleanness indexes according to IS0 4967, method A (Ref.
37) and b) overall total characteristic values according to method K of SEP 1571 (Ref. 38)
starting from size class 0 (K0), size class 1 (K1) and size class 2 (K2).

Figure 10 a) Example of a tooth root fracture with crack initiation at or below the surface in the tooth root fillet near the 30° tangent and b) example of
a breakage at the tooth flank due to crack initiation at the tooth flank (observed only once each for variant $4 and S6).
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retained austenite in a depth range of about 0.05
to 0.10mm (Figure 8b). Variant S8 shows the
highest value for retained austenite, whereas
variant S4 shows the lowest value. The nonme-
tallic inclusions responsible for crack initiation
in these variants had a distance from the sur-
face of 0.08 to 0.30mm. It is thus evident that all
inclusions are located behind the compressive
residual stress and retained austenite maxima,
in the range in which the residual stresses and
the retained austenite already decrease again
significantly.

Figure 9 gives an overview of the degree of
cleanliness. In Figure 9a, the cleanness index
for the different inclusion categories according
to ISO 4967, method A is shown. Variant S8
shows the best cleanness index, variant S6 lies
in between and S4 shows the highest value and
therefore the lowest degree of cleanliness. The
same tendency can be seen in Figure 9b, accord-
ing to SEP 1571, method K. The starting size
class for method K of SEP 1571 was chosen indi-
vidually for each variant based on the inclusion
content and under consideration of a reasonable
effort for the manual evaluation of the degree
of cleanliness by a metallographer in industrial
practice.

Experimental Investigations of the
Tooth Root Bending Strength
Experimental results

In the following, the experimental results on
the FZG back-to-back test rig are presented.
The tooth flanks of the pinion show slight scrape
marks at half tooth height after the test runs.
This results from the shortened tip diameter of
the wheel. Starting from the scrape mark, some
micropitting is visible, which varies in intensity
depending on the number of load cycles, the
load level, and the variant. Particularly at load
cycles above 50-10°, surface damage on the
flank is also evident, which for one test point
of variant S4 and variant S6 each was so severe
that it initiated a break from the flank (shear
fracture); see Figure 10b. All other fractures
occurred at the 30° tangent to the tooth root fil-
let, as Figure 10a illustrates. The crack initiation
was hereby either at the surface or from below
the surface at a nonmetallic inclusion.

The test points of the investigations on the
FZG back-to-back test rig of Schurer (Ref.31)
are colored grey in the following diagrams
(Figs. 11-13), whereas the additional test points
in the framework of this publication are colored
differently. Variant S4 shows passed speci-
mens on the load levels of 130 and 150 Nm up
to 100-10°. At the load level of 170 Nm a speci-
men reached 50-10° load cycles without failure,

[www.geartechnology.com]




whereas one failure due to a crack ini-
tiation at a nonmetallic inclusion is even
at approximately 75-10° load cycles. At
the load level of 130 Nm one specimen
reached 30-10° load cycles. Failures due
to a crack initiation at a nonmetallic
inclusion are present from a load level
of 150Nm on. At variant S6 a specimen
reached 100-10° load cycles without fail-
ure at a load level of 150 Nm. Further
passed specimen are present on the load
levels 170, 190 and 210Nm up to 50-10°
load cycles. At the load levels of 170 and
190 Nm the gears failed only due to a
crack initiation below the surface at a
nonmetallic inclusion. The load levels 210
and 230Nm showed failures from below
the surface as well as from the surface. At
the load level of 210Nm a failure due to
a crack initiation at the surface is pres-
ent at approximately 40-10° load cycles.
Variant S8 shows one passed specimen
at 100-10° load cycles at a load level of
150 Nm. Only one failure at the load level
of 230Nm is due to a crack initiation at
the surface. All other crack initiations
are from below the surface at nonmetal-
lic inclusions. Passed specimens at 50-10°
load cycles are present on the load levels
of 170 and 190 Nm. Whereas at the load
level of 170 Nm a gear failed due to a
crack initiation at a nonmetallic inclusion
just above 50-10° load cycles.

Crack Area Characteristics

Most of the failures were due to a crack
initiation below the surface at a nonme-
tallic inclusion. Only some of the test
gears failed due to a crack initiation at
the surface in the tooth root fillet. The

crack area characteristic was hereby as
typical for surface cracks. No fisheye nor
nonmetallic inclusion were present in this
case. All tooth root fractures from below
the surface showed the typical fisheye
characteristic (Fig.14). The cracks were
initiated in all cases at manganese sulfide
inclusions. Minor elements of the manga-
nese sulfide inclusions were molybdenum
(Mo), magnesium (Mg), aluminum (Al),
oxygen (O), and calcium (Ca). The inclu-
sions were either stringer inclusions or
oblong shaped.

Discussion and Conclusion
« Based on the experimental studies, the
following can be stated:
o All variants show fractures initiated
from below the surface at nonmetallic
inclusions.
The fractures from below the surface
show a typical fisheye characteristic.
In the endurance fatigue range, only a
few failures from the surface occurred.
The usual number of load cycles for
fractures from below the surface at
nonmetallic inclusions is greater than
3-106, usually even greater than 10-10°.
Relatively fewer tooth root breakages
are present above a load cycle number
of approximately 50-10°.
In the following, the experimental
investigations on the pulsator test rig
from Schurer (Ref.31) are firstly com-
pared to the extended database on the
FZG back-to-back test rig from this pub-
lication. Secondly, the experimental data-
base up to 50-10° and up to 100-10° load
cycles is compared and a probable cor-
relation between the experimental results
and the degree of cleanliness is checked.

Comparison of the Experimental
Investigations on the Pulsator and the
Back-to-back Test Rig

In the gear running tests on the back-
to-back test rig, 59 teeth are examined
simultaneously in one test run. In one
test run alone, this corresponds to 2.5 to
3 times the test volume compared to the
complete test of the tooth root fatigue
strength with the usual assignment of 10
to 12 test points in the pulsator test, in
which only two teeth are loaded per test.
The probability of a critical nonmetal-
lic inclusion at a critical depth is thus
much higher in the course of the gear
running tests than in the pulsator tests.
In addition, the limiting load cycle num-
ber was set on the back-to-back test rig
to 100-10° (in the pulsator: 15-10°). Both
facts explain why all variants in the gear
running tests showed foremost crack ini-
tiations below the surface at a nonme-
tallic inclusion in the endurance fatigue
range. When comparing the experimental
results, of course,additionally to the pre-
sented results, the known systematically
differences in gear running tests and pul-
sator tests should also be kept in mind
(Refs. 39, 40) as well as the extended, but
still limited available database.

Figure 15a shows the total number of
tests failed due to a crack initiation at
nonmetallic inclusion in theendurance
fatigue range and Figure 15b shows the
percentage related to all failed tests. The
tooth root fractures of variant S4, with
the lowest degree of cleanliness, start on
the pulsator and the back-to-back test
rig in each case 100 percent below the
surface at a nonmetallic inclusion. The

Figure 14 Exemplary a) stringer (variant S4) and b) oblong (variant S8) manganese sulfide inclusion in a fisheye fracture surface.
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number of crack initiations below the
surface at nonmetallic inclusions for the
pulsator tests decreases with a higher
degree of cleanliness but not for the gear
running tests (see Figure 15a). The great-
est difference is present for variant S8.

It can be concluded that the tests on
the pulsator test rig with a limiting num-
ber of load cycles of 15-10° are not fully
representative for case-hardened, shot-
peened gears made out of steels with a
higher degree of cleanliness, and investi-
gations on the back-to-back test rig with
a higher number of load cycles could
be necessary to determine more reli-
able results for the tooth root bending
strength in the VHCF range.

Comparison of the Experimental
Investigations on the Back-to-back
Test Rig up to 50 Million and 100
Million Load Cycles

Figure 16 compares the evaluated endur-
able torque at the pinion for 50 per-
cent failure probability for 50-10° and
100-10° load cycles. As stated before, the
tooth root stress values are deliberately
not used for comparison due to the non-
linear relationship between the torque
applied to the pinion and the resulting
nominal tooth root stress (see Table 4).
The endurable torque at the pinion for
50 percent failure probability was deter-
mined according to the stair case method

(Ref.41). Hereby, for the evaluation up to
50-10° load cycles, all testpoints, which
had load cycles above 50-10° load cycles
were evaluated as run-outs. The standard
deviation was calculated according to the
Probit method (Ref.42).

For all three variants, a further
decrease in the load carrying capacity
with a higher number of load cycles is
observable, especially for variant S6. It
can be seen that even up to 100-10° load
cycles no endurance limit for case-hard-
ened, shot-peened gears can be assumed.

Up to 50-10° load cycles, variant S6,
which has a degree of cleanliness between
variant S4 and S8, shows the highest
load carrying capacity. Therefore, with
the limited database in Reference 31 and
even with the broadened database in the
framework of this publication, no proper
differentiation between the degree of
cleanliness and the tooth root load carry-
ing capacity could be drawn up to 50-10°
load cycles; compare Figure 16.

However, up to 100-10° load cycles
and based on the broadened database, a
correlation between the degree of cleanli-
ness and the load carrying capacity can
be drawn. Variant S4, with the lowest
degree of cleanliness, shows the lowest
value, whereas variant S8 with the high-
est degree of cleanliness shows thehighest
value. An increase of about 10 percent in
load carrying capacity can be stated from

variant $4 to variant S8.

It can be concluded that with a higher
degree of cleanliness, higher tooth root
bending strengths are possible up to the
VHCEF range.

Summary and Subsequent Steps
The load capacity calculation for gears
acc. to standardized methods, like
AGMA 2001-D04 (Ref.1) or ISO 6336
(Ref.2), are intentionally conservative
to ensure broad applicability in indus-
trial practice. However, due to new appli-
cations and higher requirements, more
detailed design calculations and higher
tooth flank and tooth root load carry-
ing capacities up to the very high cycle
fatigue (VHCF) range are nowadays often
necessary.

For example, with a grid frequency of
50 Hz, two pairs of poles and a speed
of 1,500 min~! are required in a wind
generator. Common rotor speeds are 14
or 30min~! and a common gear ratio is
1:100. This results in the gearbox of a
wind power plant with an assumed oper-
ating time of 30,000 h in approx. 2.7-10°
loadcycles at the pinion on the input shaft
of the transmission (Refs. 43, 44). For
an assumed lifetime of 5,000 operating
hours of a passenger car and an assumed
input speed of the electric motor of
16,000min~!, load cycles in the range of
4.8-10° also result at the pinion on the
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Figure 15 a) Number and b) percentage of crack initiations at nonmetallic inclusions from below the surface in the endurance fatigue range for tests on
the pulsator and on the back-to-back test rig (Results of the pulsator tests are shown in Figure 3 and are taken from Reference 31).
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input shaft for today’s e-mobility trans-
missionconcepts (Ref 45).

To achieve a higher bending strength
in the tooth root area of gears, one
approach is to induce increased compres-
sive residual stresses into the stressed area,
e.g. by a shot-peening process. The draw-
back is thatoften there is a change in the
crack mechanism. The crack initiation
can now occur preferably at nonmetallic
inclusions in the steel matrix.

As a result, the working hypothesis of
this publication was: the higher the clean-
liness the fewer and smallersized the non-
metallic inclusions in the material and
therefore the higher the tooth root load
carrying capacity of case-hardened, shot-
peened gears. This working hypothesis
was verified with tests on FZG back-
to-back test rigs up to the very high cycle
fatigue (VHCF) range (up to 100-10°
load cycles). The test gear variants were
manufactured from steels with a different
degree of cleanliness.

The main conclusions of this publica-
tion are:

o All variants, even with a high degree
of cleanliness (ultra-clean gear steels),
show fisheye fractures initiated from
below the surface at nonmetallic inclu-
sions and result in a decrease in tooth
root bending strength.

Tests on the pulsator test rig with a
limiting number of 15-10° load cycles
are not fully representative for case-
hardened, shot-peened gears made out
of steels with a higher degree of clean-
liness, due to the limited investigated
material volume, and investigations on
the back-to-back test rig with a higher
number of load cycles could be neces-
sary to determine more reliable results
for the tooth root bending strength in
the VHCEF range.

With a higher degree of cleanliness,
higher tooth root bending strength
numbers are possible up to the VHCF
range taking into account the different
crack mechanism.

The database for the tooth root bend-
ing strength between 50-10° and 100-10°
is still very limited on the FZG back-to-
back test rig. Therefore, further inves-
tigations into gears should concentrate
in particular on the range between 50
and 100 million load cycles. In addi-
tion, experimental tests above 100-10°
load cycles should be performed to fur-
ther expand the database and to check
if a second endurance fatigue limit is

300
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Figure 16 Comparison of the endurable torque at the pinion for 50 % failure probability and
standard deviation acc. to the Probit method (Ref. 42) for a limiting number of load

cycles of 50-10° and 100- 106 .

to be expected at a higher number of
load cycles. However, it was also shown
that with a higher number of load cycles,
damage on the tooth flank can occur and
can lead to a fracture. As a result, no tooth
root bending strength can be determined.
This should be kept in mind when per-
forming such tests with a higher number
of load cycles.

Furthermore, it has to be noticed that
the presented characteristics of a stepwise
S-N curve only apply to case-hardened,
shot-peened gears with high compres-
sive residual stresses at and close to the
surface. For unpeened or shot-blasted
case-hardened gears with lower compres-
sive residual stresses, comparableinvesti-
gations prove that the tooth root bending
strength is dominated by cracks initiated
at the surface andthat these surface cracks

typically occur at load cycle numbers
below 3-10°. (8
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