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Abstract

Case hardening represents the most important heat treatment process to increase the load carrying capacity of gear compo-
nents. Beside predominantly martensitic surface layers with low proportion of retained austenite, there were investigated
material structures with differing properties in preceding research work.

In a previous publication, the results of three variants made of the material 20MnCr5, which is typically used for gears,
were presented. The reference heat treatment was a conventional carburizing with subsequent case hardening. The second
variant was also gas carburized, but with a high proportion of retained austenite. The last presented variant had a bainitic
structure in the surface layer. The second and the third variant showed a similar tooth root bending strength compared to
the reference. The numbers of the pitting resistance were significantly higher than for the reference variant.

This paper presents the results of further investigations on the influence of different microstructures on the gear load
carrying capacity. For this purpose, gears made of 18CrNiMo7-6 were tested with regard to their load carrying capacity.
18CrNiMo7-6 is a case hardening steel like 20MnCr5, too, which is often applied in big gear components. The tooth
root bending strength was approximately constant, whereas the pitting resistance decreased compared to the corresponding
variants of the material 20MnCr5. In comparison to the carburized 20MnCr5 reference variant, only the 18CrNiMo7-6
variant with a large proportion of retained austenite showed a higher pitting resistance.

The tooth root bending strength investigations took place in the cycle regime of limited life as well in the high cycle fatigue
regime. The pitting resistance was only determined in the cycle regime of limited life.

Einfluss des Werkstoffs auf die Festigkeitseigenschaften von Zahnradern mit alternativen
Randschichtgefiigen

Zusammenfassung

Das Einsatzhirten stellt heute das wichtigste Wirmebehandlungsverfahren zur Steigerung der Tragfahigkeit von Getriebe-
bauteilen dar. Neben vorwiegend martensitischen Randschichtgefiigen mit einem geringen Anteil an Restaustenit wurden
in vergangenen Forschungsvorhaben Randschichtgefiige mit davon abweichenden Eigenschaften untersucht.

In einer fritheren Veroffentlichung wurden bereits Ergebnisse aus einem abgeschlossenen Vorhaben vorgestellt. Dabei wur-
den drei Varianten untersucht, die alle aus dem fiir Verzahnungen tiblichen Werkstoff 20MnCr5 gefertigt waren und unter-
schiedlich wirmebehandelt wurden. Es wurde eine konventionell aufgekohlte und einsatzgehirtete Referenzvariante, eine
gasaufgekohlte Variante mit erhohtem Restaustenitgehalt und eine Variante mit erhhtem Bainitgehalt in der Randschicht
betrachtet. Die beiden letztgenannten Varianten wiesen eine vergleichbare Zahnfulitragfihigkeit wie die Referenzvariante
auf, allerdings konnte jeweils eine erhohte Griibchentragfihigkeit festgestellt werden.
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Weiterhin wurden im Forschungsvorhaben Priifzahnridder aus dem Werkstoff 18CrNiMo7-6 hinsichtlich ihrer Tragfdhig-
keitseigenschaften gepriift. Dabei handelt es sich wie beim Werkstoff 20MnCr5 um einen Einsatzstahl, der hiufig fiir
groBBe Getriebebauteile Anwendung findet. Die Zahnfufltragfihigkeit blieb dabei annihernd konstant, wohingegen die
Griibchentragfihigkeit verglichen mit den entsprechenden Varianten aus dem Werkstoff 20MnCr5 abnahm. Bezogen auf
die aufgekohlte Referenzvariante aus 20MnCr5 wies lediglich die hochrestaustenithaltige Variante aus dem Werkstoff
18CrNiMo7-6 eine hohere Griibchentragfihigkeit auf.

Zur Untersuchung der ZahnfuBtragfahigkeit wurden Versuche sowohl in der Zeit- als auch in der Dauerfestigkeit durch-
gefiihrt. Die Versuche zur Ermittlung der Griibchentragfihigkeit beschrinkten sich auf den Bereich der Zeitfestigkeit. Die

Ergebnisse dieser erweiterten Untersuchungen werden im Rahmen dieser Verdffentlichung vorgestellt und diskutiert.

1 Introduction

Past research in the field of load carrying capacity of gears
identified microstructures of martensite with fine dispersed
retained austenite in the case layer as optimal for high
strength values. Therefore, recommendations for the adjust-
ment of such microstructures have been derived and were
standardized, e.g. in ISO 6336-5 [1] or AGMA 2101 [2].
Heat treatment processes generating microstructures differ-
ing from the standard are drifting out of the focus. The
aim of the underlying research work is to demonstrate load
carrying capacity potentials of such variants.

In a former publication, Giintner et al. presented inves-
tigations on gears with alternative material microstructures
[3]. There were considered three variants which were all
gas carburized and subsequently case-hardened, but with
different heat treatment parameters resulting in differ-
ent microstructures. The base material of all test gears was
20MnCrS5. In addition to the investigations on the 20MnCr5
variants, this paper shows corresponding results on the ma-
terial 18CrNiMo7-6. This case hardening steel is typically
used for larger gear components, e.g. in wind turbine
gearboxes, because of its higher hardenability compared
to 20MnCr5. The material is characterized by a differ-
ent alloying concept compared to 20MnCr5 and contains
a higher amount of more expensive alloy elements, such as
nickel. The influence of alternative heat treatment process
parameters on the 18CrNiMo7-6 microstructure character-
istics is investigated and the results will be analysed and
discussed.

The presented work is extracted from a research project
[4] that was carried out in cooperation between Leibniz-
IWT (Bremen) and Gear Research Center (FZG, TU Mu-
nich). The heat treatment of the test specimens and the
analysis of the resulting microstructures were done by IWT.
FZG was responsible for the determination of the tooth root
and pitting endurance.
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2 State of the art

Martensite with fine dispersed retained austenite is consid-
ered as the most sustainable microstructure in the case layer
of heavy-loaded gears. Comprehensive investigations led to
standardized recommendations concerning the microstruc-
ture in the surface structure. ISO 6336-5 [1] respectively
DIN 3990-5 [5] specify that the case should consist of fine
acicular martensite in combination with a maximum content
of retained austenite of 30vol.-%. For the highest quality
grade ME, the retained austenite has to be finely dispersed
within the component. The necessary metallographic in-
spections take place on companion heat treatment batch
test pieces or on representative test bars, depending on the
achievable quality grade. Furthermore, the standard defines
a bainite content of less than 10% in the surface structure
which is also determined by metallographic inspection [1].

In contrast to the recommendations described, several
publications deal with the influence of higher contents of
retained austenite on the load carrying capacity. Abudaia
et al. [6] describe an increased pitting strength for helical
test gears with about 60 vol.-% initial retained austenite. In
the author’s opinion, the good performance in the test runs
is due to a local stress-assisted transformation of retained
austenite to martensite at the surface and therefore higher
compressive residual stresses and an increase in the surface
hardness [6].

Vinokur et al. [7] could determine a positive influence of
retained austenite on the contact fatigue strength when the
carbon content in the case layer assumes values greater than
0.8 weight-%. A strong dependence between the content of
martensite and retained austenite is mentioned.

Investigations by Panhans and Fournelle [8] focus on
bending and torsional fatigue of specimens with strong
surface retained austenite. A high content correlated with
a good high cycle fatigue performance.

Richman and Landgraf [9] investigate the impact of
cyclic tensional strain on the fatigue resistance of speci-
mens with high contents of retained austenite. Therefore,
the authors use the AISI 4027 steel which is common for
automotive applications. Gas carburized specimens serve
as a reference variant (retained austenite<5%) while the
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specimens with a high proportion of retained austenite (up
to 35.5% before the test runs) are heat treated in a salt
bath cyaniding process. The examination of the retained
austenite contents is done by X-ray diffraction measure-
ments and metallographic inspections. The resulting fatigue
resistance of the variants with higher amounts of retained
austenite is better compared to the carburized reference.
According to the authors, the reason for the increased load
carrying capacity is the deformation-induced transforma-
tion of retained austenite to martensite. The strain-based
formation of martensite leads to higher local compressive
stresses compared to austenite, and ductility is enhanced
compared to thermally formed martensite [9].

Beumelburg [10] observes different influences of sur-
face carbon content and thereby retained austenite on the
rotating bending fatigue. The specimens are predominantly
carburized in a salt bath with varying carbon contents to
adjust different contents of retained austenite in a range
from 5 to 90%. Overall, the fatigue resistance decreases
with larger contents of retained austenite, so the author rec-
ommends a maximum surface carbon content of about 0.8
mass-% for an optimal load carrying capacity. For few vari-
ants with equal high carbon contents, a slight improvement
in the rotating bending strength can be stated with increas-
ing amount of retained austenite [10].

An overview of the effect of retained austenite under
different stresses is given by Razim [11]. According to the
author, a positive influence of retained austenite on the fa-
tigue resistance is not proved for most cases. Higher con-
tents yield decreasing strength values if the material is not
cryogenically treated after the case hardening process. Only
the pitting resistance is slightly improved by retained aus-
tenite [11].

Case layer structures with high content of retained aus-
tenite cannot only be adjusted by gas carburizing and sub-
sequent hardening, but also by carbonitriding processes.
In contrast to gas carburizing, gas carbonitriding is char-
acterized by the addition of carbon and nitrogen in the
atmosphere of the hardening oven [12, 13]. Nitrogen ef-
fects a stabilisation of the austenite to lower temperatures
[12], so a higher amount of retained austenite can remain
in the hardened component [14]. Load carrying capacity re-
sults of two carbonitrided variants are presented in [15]. In
the experimental investigations, the shot blasted test gears
showed similar tooth root bending strength values compared
to conventionally gas carburized and case-hardened gears.

Table 1 Chemical composition of the investigated batch of 18CrNiMo7-6

The differences regarding tooth root bending between the
materials 20MnCr5 and 18CrNiMo7-6 are negligible. In-
vestigations concerning the rolling contact fatigue were not
conducted [15].

Bainitic microstructures in the case layer play a tangen-
tial role in the gear industry so far. Investigations by Stein-
bacher et al. [16] and Vetters et al. [17] show the load
carrying capacity potential of such surface structures. Es-
pecially the increased toughness is an important advantage
of bainitic microstructures compared to commonly case-
hardened martensitic structures [18, 19].

3 Aim of the investigation

Results from a preceding research project [20] demon-
strated the load carrying capacity potential of gears with
high retained austenite content in the case layer, see also
[21]. Compared to conventional case-hardened gears, the
pitting strength of the investigated carbonitrided gears
could be increased while at the same time, the tooth root
bending strength remained nearly on a constant level. The
investigations presented in this paper focus on similar case
layer microstructures, but generated by gas carburizing.
The results of Giintner et al. [3] are supplemented by the
results of the second material 18CrNiMo7-6. This steel is
characterized by a different alloying concept compared to
20MnCr5 and widely spread in larger gear applications.

4 Investigated variants

In this paper, the results of three variants made of the
case hardening steel 18CrNiMo7-6 are presented in addi-
tion to the results of the corresponding 20MnCr5 variants.
The chemical composition of the material batch is listed in
Table 1. The values of the single element proportions show
no anomalies and meet the requirements according to DIN
EN ISO 683-3 [22]. All test gears were manufactured from
the same batch of material.

All variants are characterized by a gas carburizing pro-
cess with subsequent hardening. The carbon content is var-
ied to meet the desired case layer structures. Variants R
and A are oil quenched and tempered, whereas variant B is
isothermally transformed and tempered. The reference vari-
ant R shows a typical case-hardened microstructure with

Element C Si Mn Cr Ni Mo Al P
Weight % 0.180 0.250 0.551 1.667 1.606 0.279 0.044 0.008
Min. weight % acc. to [22] 0.150 0.150 0.500 1.500 1.400 0.250 - -
Max. weight % acc. to [22] 0.210 0.400 0.900 1.800 1.700 0.350 - 0.025
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Table2 Overview of the investigated variants

Variant Symbol Heat treatment

Reference R Gas carburizing at 940 °C, hardening temperature 850 °C (variant R) respectively = 900 °C
50vol.-% retained auste- A (variant A), oil quenching at 60 °C and tempering for 2h at 180°C

nite

30vol.-% bainite B Gas carburizing at 940 °C, hardening temperature 850 °C, following an isothermal bainite transfor-

mation and tempering for 2h at 180°C

Table 3 Main geometry of the test gears

Geometry Test gears

Parameter Symbol Unit Pitting Tooth root
Normal module mp mm 5 5
Centre distance a mm 91.5 -
Face width b mm 10 30
Number of teeth z1/z2 - 17/18 24
Normal pressure angle On ° 20 20
Helix angle 5} ° 0 0
Profile shift coefficient X - 0.475/0.445 0.486
Tip diameter da mm 99.75/104.45 133.6
Tip relief Ca um 25+3 -

a maximum proportion of retained austenite of 25vol.-%
in accordance to ISO 6336-5 [1], see Fig. 6. The variant A
has a microstructure with a higher proportion of retained
austenite of approximately 50vol.-%. For variant B, a mi-
crostructure consisting of martensite and bainite was ad-
justed. An overview of the three applied heat treatments is
given in Table 2.

Following the heat treatment, all test gears were shot
blasted to increase the tooth root bending strength. The test
gears for the investigations of the pitting strength were pro-
file ground on the flanks in contrast to the pulsator test gears
for the investigations of the tooth root bending strength.

Table 3 depicts the main geometry data of the two types
of test gears.

5 Testrigs and test conditions

The investigations regarding the tooth root bending strength
took place on an electro-magnetic pulsating test rig, see
Fig. 1 left. The test gear is clamped over four teeth be-
tween two jaws so that the force is applied at the end of the
singular contact area. At this point of the path of contact, the
maximum bending stress in running gears can be obtained.
For the determination of the tooth root bending strength,
investigations in the endurance range were carried out by
applying the stair step-method [23]. The maximum number
of load cycles per test run was set to 6-10° in accordance
with FVA guideline 563 I [24].

For the pitting strength investigations, a standardized
FZG back-to-back test rig with a centre distance of 91.5 mm

Fig. 1 Pulsating test rig (a) and FZG back-to-back test rig (b) used for the experimental investigations
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was used, see Fig. 1 right. The pinion was mounted on the
motor side so that the rotational speed was identical with the
motor speed of 3000rpm. The maximum number of load
cycles was 50- 10° for the pinion. The load was applied on
the side of the gear, which was driven by the pinion. The test
gearset was lubricated with the FVA-reference oil FVA 3A
(mineral oil, ISO VG 100 with 4% A99, a sulphur-phos-
phorus additive package) at a temperature of 60 °C (£2 °C).
The injection flow rate was adjusted to 21/min. These test
conditions were already used in other research projects, e.g.
[20].

6 Hardness, residual stresses and amount of
retained austenite of test gears after heat
treatment

In the following section, the results of the metallographic
investigations and X-ray diffraction analyses are presented.
The measurements took place on unground pulsator test
gears for the determination of tooth root bending strength
and on ground test gears for the determination of the pitting
resistance.

6.1 Test gears for tooth root bending

For the unground pulsator test gears, the hardness profile
and the case hardening depth as well as the residual stresses
and the amount of retained austenite were determined in the
tooth root section.

Figure 2 shows the hardness values for the six com-
pared variants, separated by surface and core hardness. The
surface hardness values for the reference variants R and
the variants A are for both materials in the same range of

Minimal required surface hardness
800 acc. to 1SO 6336-5

700

600

500

400

300

Hardness in HV 1

[ 20MNCrS core hardness

200 [ 20MnCrs surface hardness
[ 18CrNiMo7-6 core hardness
[ ]18CrNiMo7-6 surface hardness

100

Variant

Fig.2 Surface and core hardness (mean values) of unground pulsator
test gears (measured in the tooth root at 30° tangent)

1 A

0.9 Area of optimal CHD
acc. to FVA 271

CHD_ )\ 4 in mm (tooth root)

Variant

Fig. 3 Case hardening depth (CHD, mean values) of unground pulsator
test gears (measured in the tooth root at 30° tangent)

about 700 HV 1 whereby the 18CrNiMo7-6 variants show
slightly lower values. The two bainitic variants B have the
lowest surface hardness values and do not meet the required
minimum values for material grade MQ according to ISO
6336-5 [1]. Furthermore, the core hardness values for the
18CrNiMo7-6 variants are significantly higher than for the
20MnCr5 ones, which can be explained by a better harden-
ability of the 18CrNiMo7-6 material.

The case hardening depth (CHD) was determined for
both tooth sides in the tooth root area at the 30° tangent. The
mean values of left and right side are plotted in Fig. 3. It can
be seen that the three 18CrNiMo7-6 variants have higher
CHD numbers than the corresponding 20MnCr5 variants.
The difference is particularly noticeable for variants B. All

Variant

0

I 20MnCr5 surface
- 20MnCr5 maximum

200 || 18CrNiMo7-6 surface
:] 18CrNiMo7-6 maximum

-100

-300

-400

-500

Residual stress in MPa

-600

-700

-800

Fig.4 Residual stresses of unground pulsator test gears (measured by
X-ray diffraction in the tooth root at 30° tangent, surface and maximum
values; the number at the end of the bars indicates the depth of the
maximum compressive residual stresses in pm)
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Fig.5 Retained austenite of unground pulsator test gears (measured by
X-ray diffraction in the tooth root at 30° tangent, mean and maximum
values)

variants except the 20MnCr5 bainitic variant meet the CHD
recommendations given in FVA report 271 [25] and [26].
Figure 4 shows a comparison of the different residual
stress values. There were evaluated the residual stresses at
the surface and the maximum value for all six variants. The
measurements took place in the unground tooth root of the
pulsator test gears. In addition, the depth of the maximum
compressive residual stresses is indicated in the diagram.
The 18CrNiMo7-6 variants R and B have higher maxi-
mum compressive residual stresses than the correspond-

ing 20MnCr5 variants, although the residual stresses at the
surface of the investigated test gears are lower (variants R)
respectively comparable (variants B). The highest compres-
sive residual stress of all variants are determined for the
18CrNiMo7-6 bainitic variant. The maximum compressive
residual stresses for the variants A with a proportion of
nearly 50 vol.-% retained austenite are identical whereas the
maximum compressive residual stress of the 18CrNiMo7-6
variant is reached at the surface. For the other variants, the
depth of the maximum compressive residual stress is near
20 um or near 40 um.

The lower compressive residual stresses for the vari-
ants A correlate with higher retained austenite contents in
the case layer, see Fig. 5. The 18CrNiMo7-6 variant has
a maximum phase fraction of 50vol.-% retained austenite.
The corresponding 20MnCr5 variant shows values up to
45vol.-%. Furthermore, a retained austenite content of less
than 25 vol.-% for both reference variants R can be stated as
it is required according to ISO 6336 [1] for case-hardened
gears of the quality MQ and ME, respectively. The lowest
contents of retained austenite could be determined for the
variants B. For both materials, the maximum values are less
than 10vol.-%.

It has to be mentioned that the requirements according to
ISO 6336 [1] are based on a metallographic analysis of the
microstructure. The values shown in Fig. 5 are determined
by X-ray diffraction which empirically leads to different
measured contents of retained austenite compared to the
metallographic inspection [27, 28].

Fig. 6 Microstructures of variants R (leff), A (centre) and B (right), recorded in the tooth root section of the pulsator test gears, nital etched (top:
20MnCrS5, bottom: 18CrNiMo7-6); the 20MnCr5 pictures were already published in [3] and are shown again for a better comparability
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Fig. 7 Surface and core hardness (mean values) of ground test gears
(measured on the tooth flank)

The microstructures of the three 18CrNiMo7-6 variants
are arranged in Fig. 6d—f. For a better comparability of the
two materials, the 20MnCr5 microstructures are shown, too
(see pictures a—c). All grinding patterns were recorded in
the tooth root section of the unground pulsator test gears.
The reference variant R is characterized by a predominant
martensitic microstructure with low proportion of retained
austenite that is confirmed by the results shown in Fig. 5.
Variant A mainly consists of retained austenite and small
amounts of fine dispersed, acicular martensite. A more dis-
tinct internal oxidation compared to the reference variant
can be stated. Furthermore, the 18CrNiMo7-6 A variant
shows more segregations compared to the corresponding
20MnCr5 variant. Variant B shows a microstructure with
dominant phase fractions of martensite and bainite. The
depth of the internal oxidation is comparable to variant A.

6.2 Test gears for pitting investigations

The hardness profiles and CHD were also determined for
the pitting test gears, see Fig. 7. There is only a reference
variant for the 20MnCr5 material; an 18CrNiMo7-6 refer-
ence variant was not considered in the investigations.

The results of the hardness measurements are consistent
for the different variants. The hardness values at the surface
are slightly higher for the 20MnCrS5 variants compared to
the corresponding 18CrNiMo7-6 variants. The differences
of the core hardness in relation to the measured values on
pulsator test gears stem from the smaller face width of the
pitting test gears which influences the structural transforma-
tion of the core material. For the pitting test gears as well
for the pulsator test gears, 20MnCr5 variants show about
50 HV 1 smaller core hardness values.

0.9 Area of optimal CHD
acc. to FVA 271

0.8

0.7

0.3

CHD550 by 1 inmm (tooth flank)

0.2

I 20Mncrs |
01 I I 18crNiMo7-6 |
0
R A
Variant

Fig.8 Case hardening depth (CHD, mean values) of ground test gears
(measured on the tooth flank)

In Fig. 8, the CHD values for the ground pitting test
gears are plotted.! The 20MnCr5 reference shows the high-
est CHD of the five variants, the 18CrNiMo7-6 bainitic vari-
ant the smallest one. The CHD values for the 18CrNiMo7-6
variants are equal or smaller than for the 20MnCr5 vari-
ants. The two bainitic variants have a CHD slightly below
the recommendations regarding the CHD mentioned in [25]
and [26].

7 Results and discussion of the load carrying
capacity investigations

7.1 Tooth root bending strength

Figure 9 shows the results of the tooth root bending investi-
gations. The tooth root endurance limit of each variant was
determined based on 10-12 test runs for each variant and
is indicated with a failure probability of 50%. The nom-
inal tooth root bending strength of the three variants R,
A and B is nearly identical for both materials. The differ-
ences between the 20MnCr5 and 18CrNiMo7-6 variants are
negligible and lie within the scatter range.

The results of the tooth root bending strength for the
18CrNiMo7-6 variants confirm the former results for mate-
rial 20MnCrS5 that there is no negative influence of the al-
ternative heat treatments. Nevertheless, differences between
the variants concerning surface hardness or internal oxida-
tion could be covered by the shot blasting process following

! In [3], there were erroneously presented CHD values that were de-
termined in the tooth root section of the ground pitting test gears. The
values plotted in this publication are measured on the tooth flank.
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Fig.9 Results of tooth root bending strength investigations (endurance
limit for 50% failure probability)

the heat treatment. For this reason, the transferability on un-
peened gears is not ensured.

In the following, the determined values for tooth root
bending strength are converted into nominal stress num-
bers for bending. These are inserted in the corresponding
diagram according to ISO 6336-5 [1] for case-hardened
wrought steels (see Fig. 10). All six tested variants reach
load carrying capacities which correlate with material qual-
ity grade MQ. Furthermore, reference values for case-hard-
ened gears made of 16MnCr5 (similar to 20MnCr5) and
17CrNiMo6 (comparable to 18CrNiMo7-6) taken from Nie-

mann and Winter [29] are given. The 18CrNiMo7-6 refer-
ence variant R shows a slight decrease of the nominal stress
number compared to the 20MnCr5 reference due to a dif-
ference in the surface roughness. The surface hardness is
about 30 HV lower for the 18CrNiMo7-6 variant. The vari-
ants A with a high amount of retained austenite show sim-
ilar strength values of orim=480N/mm? for both materials.
The two bainitic variants B have nominal stress numbers of
nearly 450 N/mm?, while reduced surface hardness values
of less than 650 HV are obtained.

In the following, the results of the tooth root bending
strength tests are analysed with respect to possible correla-
tions with the investigated material characteristics.

At first, it can be stated that there is no significant influ-
ence of the core hardness on the tooth root bending strength
for the investigated variants. This is according to the state
of the art, see also [30]. The surface hardness correlates
with the nominal stress number for bending O iim, as higher
surface hardness values lead to higher strength values. For
the CHD, no correlation could be observed. For almost all
variants, the recommendations according to [25] and [26]
for an optimal CHD value regarding tooth root bending can
be fulfilled. This confirms the state of knowledge. The mea-
sured residual stresses do not correlate directly with the load
carrying capacity values. All variants show typical residual
stresses for case-hardened and shot blasted gears. Further-
more, strong negative influences from the microstructure
can be excluded.

In the analysis, the mutual relationships and dependen-
cies between the single material characteristics and possible

ME
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c 500 O 1000 o
£ £
= (ﬁA Z
IS b
mMQ £
£ =l O > w O 20MnCr5 - variant R
Lr
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Fig. 10 Experimentally determined nominal stress numbers for tooth root bending, plotted in the corresponding diagram for case hardened wrought

steels according to ISO 6336-5 [1]
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Fig. 11 Results of pitting strength investigations (number at the end of
the bars indicates the amount of test runs that reached 50 million load
cycles without failure)

overlay effects have to be considered. For example, higher
compressive residual stresses could partially countervail the
negative influence of lower surface hardness values. Al-
though, in conclusion, all investigated variants reach the
reference values and the requirements given by the stan-
dards.

7.2 Pitting load carrying capacity

The investigations concerning the flank load carrying ca-
pacity show different results for the two materials, see
Fig. 11. Test runs on two load stages in the cycle regime
of limited life were carried out (nominal contact stress opo
of 1700 N/mm? and 1800 N/mm?, respectively). For several
variants, test gears reached the maximum number of load
cycles of 50 million without any pitting damage on the
flank, e.g. the 18CrNiMo7-6 A variant.

At first, the results for the 20MnCr5 will be recapitu-
lated, as they were presented in detail in [3]. The highest

Table 4 Exemplary pitting damage patterns for the investigated variants

potential regarding the flank load carrying capacity can
be found for variant A. There were performed endurance
tests on the higher load stage only, as three test runs
finished without pitting damage. The bainitic variant B
also performed better than the reference variant R as it
shows one test run without failure on each of the two load
stages. The failures appeared earlier on the higher load
stage (ouo=1800N/mm?) compared with the test runs on
the lower load stage (ouo= 1700 N/mm?).

A comparison of the results for the 18CrNiMo7-6 ma-
terial is only possible for variants A and B because there
was no 18CrNiMo7-6 reference variant R investigated in
the pitting tests. Variant A shows significantly higher life-
times compared with variant B. This can be stated for the
lower as well as for the higher load stage. The test runs
of variant B were always terminated by a pitting damage
whereas variant A shows one test run without failure on
each of the tested load stages.

When comparing the results of the 18CrNiMo7-6 vari-
ants with the 20MnCr5 ones, it can be seen a worse
performance of the 18CrNiMo7-6 material. On the higher
load level of ono= 1800 N/mm?, the 18CrNiMo7-6 A variant
shows earlier failures compared to the 20MnCr5 equivalent.
On the lower load stage, a direct comparison is not possi-
ble. For the bainitic variants B, the statement is analogous
as the 18CrNiMo7-6 variants had shorter lifetimes than the
20MnCr5 ones. Nevertheless, the 18CrNiMo7-6 A variant
shows a better performance compared with the 20MnCr5
reference R. In contrast, the 18CrNiMo7-6 B variant fails
earlier than the 20MnCr5 R variant.

Exemplary damage patterns for the investigated variants
are shown in Table 4. All pictures were taken after test runs
at a nominal contact stress of ogo= 1800 N/mm?. The pitting
damages occurred at the pinion because of the higher num-
ber of load cycles compared to the wheel. The 20MnCr5
reference R as well as the two 18CrNiMo7-6 variants A
and B show typical and comparable damage patterns with
pittings in the tooth flank area with negative specific sliding

20MnCr5—R 18CrNiMo7-6—A

18CrNiMo7-6—B

oro= 1800 N/mm?
13.5-10° load cycles (pinion)

oHo= 1800 N/mm?

12.36- 10° load cycles (pinion)

oro= 1800 N/mm?
7.1-10° load cycles (pinion)

=
o
-4
L
{

1
%
i

"

H
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below the pitch diameter. Furthermore, the tooth flank area
next to the tooth root shows few micropitting.

The explanation for the worse pitting resistance of the
18CrNiMo7-6 variants compared to the 20MnCr5 ones has
several reasons. In the metallographic investigations, a high
content of segregations and inhomogeneities could be found
for the 18CrNiMo7-6 which influences the surface durabil-
ity negatively. Furthermore, the amount and the distribu-
tion of retained austenite in the case layer has to be taken
into account. The variants A and B made of 18CrNiMo7-6
show inhomogeneously distributed local areas of retained
austenite, whereby these areas are very close to the sur-
face for the variant B. The early failures in the test runs
could be explained by the lower hardness of austenite com-
pared to martensite, which reduces the flank load carrying
capacity, and by stress-assisted transformation to untem-
pered martensite. In contrast to the 18CrNiMo7-6 variants,
the 20MnCr5 variants have much more homogeneous mi-
crostructures and show higher CHD and surface hardness
values.

The reason for the negative influence of the 18CrNiMo7-
6’s inhomogeneous microstructure on the flank load carry-
ing capacity only could be that the pitting test gears were
ground and the positive influence of the shot blasting is
not effective directly under the surface of the active flank.
On the contrary, the pulsator test gears were shot blasted,
too, but stayed unground. Therefore, the shot blasting could
cover the effects resulting from an insufficient material con-
dition or heat treatment.

8 Conclusion

In this paper, the influence of the material on the mi-
crostructure and the load carrying capacity of gears was
shown. Two commonly applied gear materials, 20MnCr5
and 18CrNiMo7-6, were investigated and the results were
compared.

Regarding tooth root bending, all tested variants had
comparable endurance strength values. The alternative heat
treatments do not affect the tooth root bending strength neg-
atively, although the microstructures deviate significantly
from the standard. Some negative influences may be cov-
ered by the shot blasting process. For the pitting investi-
gations, it can be concluded that the contact fatigue of the
variants A and B strongly depends on the material condi-
tion. The material 18CrNiMo7-6 does not reach the strength
values determined for the corresponding 20MnCr5 variants.
The main reasons for the worse performance are segrega-
tions in the raw material and an uneven distribution of re-
tained austenite in the case layer.

The presented results prove a large potential of higher
contents of retained austenite on the pitting load carrying

@ Springer

capacity. The retained austenite is required to be finely
dispersed and the microstructure should be homogenous.
Bainitic microstructures show some advantages, too, which
are already known from bearing technology [17]. For these
microstructures, the same conditions apply as for the re-
tained austenite. Besides, the recommendations and require-
ments on the surface hardness and the CHD should be ful-
filled. The parameters for the heat treatment have to be
adapted to the used materials in a suitable manner, i.e. with
regard to the chemical composition and the alloy system,
so that the great potential for a future increase in pitting
load carrying capacity can be exploited.
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