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Abstract

Plastic gears and their numerous applications have become an integral part of industrial practice. In particular, the ability
to produce large numbers of gears cost-effectively using injection molding techniques is making a significant contribution
to growing market shares. Compared to conventional steel materials, however, the material properties of thermoplastics
differ fundamentally. In particular, the high temperature dependence of the material properties and the lower strength pose
challenges for designers. Against this background, theoretical and experimental studies on the operating and service life
behavior of different thermoplastic materials have been conducted and evaluated. In addition to theoretical investigations
on the tooth flank load carrying capacity, comprehensive measurements on temperature behavior were carried out and
compared to common methods of temperature calculation for plastic gears. Experimental investigations on the tooth flank
load capacity by means of back-to-back tests of different materials and their evaluation show the potential of thermoplastic
materials for the application in power transmitting drivetrains. This contribution will give an overview of the performed
research work and summarizes main results of these studies.

Betriebsverhalten und Leistungspotential von 6lgeschmierten Kunststoffzahnradern

Zusammenfassung

Kunststoffzahnridder und ihre zahlreichen Anwendungen sind aus der industriellen Praxis nicht mehr wegzudenken. Ins-
besondere die Moglichkeit, Zahnridder in grofen Stiickzahlen kostengiinstig im Spritzgussverfahren zu produzieren, trigt
wesentlich zu deren wachsenden Marktanteilen bei. Im Vergleich zu herkommlichen Stahlwerkstoffen unterscheiden sich
die Materialeigenschaften von Thermoplasten jedoch grundlegend von den von Stahlwerkstoffen bekannten Eigenschaften.
Insbesondere die hohe Temperaturabhiingigkeit der Materialeigenschaften und die geringere Festigkeit stellen Herausfor-
derungen im Auslegungsprozess von Zahnriddern dar.

Vor diesem Hintergrund wurden theoretische und experimentelle Untersuchungen zum Betriebs- und Lebensdauerver-
halten verschiedener thermoplastischer Werkstoffe durchgefiihrt und ausgewertet. Neben theoretischen Untersuchungen
zur Zahnflankentragfihigkeit wurden umfangreiche Messungen zum Temperaturverhalten durchgefiihrt und mit géngigen
Methoden der Temperaturberechnung fiir Kunststoffzahnrider verglichen. Experimentelle Untersuchungen zur Zahnflan-
kentragfihigkeit verschiedener Werkstoffe und deren Auswertung zeigen das Potenzial von thermoplastischen Werkstoffen
fiir den Einsatz in leistungsiibertragenden Antriebsstringen auf. Dieser Beitrag gibt einen Uberblick iiber die durchgefiihrten
Forschungsarbeiten und fasst die wesentlichen Ergebnisse dieser Untersuchungen zusammen.

1 State of knowledge

Plastic gears are constantly expanding their areas of appli-
cation and market share in the field of drive technology.
In contrast to the earlier period when drives in domestic
products or auxiliary drives were mostly made of plastic,
today ever higher performance classes are being achieved,
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vice life frequently require operation with oil lubrication.
On the one hand, the use of a lubricant contributes signifi-
cantly to heat dissipation from the tooth contact and thus to
thermal stability. On the other hand, the lubricant film sep-
arates the tooth surfaces and substantially decelerates dam-
age due to wear. Due to the strongly temperature-dependent
material properties of thermoplastics, knowledge of the oc-
curring tooth temperatures is of decisive importance both
in the design of plastic gears and in experimental inves-
tigations regarding the generation of strength data. In the
1960s, Hachmann and Strickle [1] have been conducting
experimental research on the thermal operating behavior of
polyamide gears. They developed a calculation approach
for determining the tooth temperature based on a thermal
equilibrium between frictional heat generated in the tooth
contact and heat dissipated to the outside via the gear-hous-
ing surface. This methodology was continuously enhanced
and finally adopted in the guideline VDI 2736 [2] for the
design and calculation of plastic gears. Equation 1 and 2
show the calculation approach to determine the tooth flank
temperature and tooth root/bulk temperature. Apart from
the transmitted drive power and the coefficient of friction
prevailing in the tooth contact, the lubrication condition and
the heat-dissipating surfaces of the housing in particularly
affect the calculated tooth temperatures. For the formula
symbols, reference is made to the nomenclature.
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Further approaches to determine the tooth temperature
are proposed by Housz [3] who adapts the flash temperature
concept acc. to Blok [4] for nylon gears. The calculation
approaches presented so far neglect viscoelastic losses and
their influence on the tooth temperature. The effects of vis-
coelastic losses on the thermal behavior of plastic gears are
addressed in the calculation methods acc. to Takanashi &
Shoji [5] as well as in the research work presented by Koffi
et al. [6]. These approaches, however, are rarely used since
the input and material parameters required for the calcula-
tion are often not available or only available in insufficient
detail. In addition to analytical calculation approaches, an
increasing number of numerical calculation models have
recently been applied [7-9]. This offers the possibility of
determining the local temperature distribution on the tooth
surface and inside the tooth, taking into account the com-
plex material properties of thermoplastics.

Unlubricated dry running conditions often limit the
transferable power due to heating of the gear teeth to the
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limit of damage by melting. Abrasive wear of the tooth
flanks leads to a continuous reduction of the tooth cross-
section and thus limits the lifetime. Due to the reduction
in wear, fatigue damages such as tooth root breakage and
pitting are increasingly emerging in oil-lubricated operation
and extended running times [10, 11]. For the calculation
of the tooth root load capacity and the tooth flank load ca-
pacity, VDI 2736 [2] provides calculation approaches that
are strongly based on the principles according to DIN 3990
[12] for metallic gears. The calculation of the tooth flank
load carrying capacity is based on the fundamentals of
Hertzian pressure at the pitch point. Equation 3 shows
the calculation approach for determining the occurring
Hertzian pressure during operation.

Ft . KH u+1
og=Zg-Zy-Z.-Zg- b d <owp )
w U]
OHP = OtlimN * Z R/ SHmin 4
ottimN = f (Vtank» NL) (5)

The resulting Hertzian pressure is compared to a permis-
sible pressure, which is based on a temperature-dependent
S-N-curve that reflects the strength properties of the mate-
rial in use. Equation 4 and 5 show the calculation approach
to determine the permissible flank pressure based on mate-
rial specific strength values.

The consistent application of this calculation method is
contradicted by the fact that no or insufficient strength val-
ues are available for a large number of thermoplastic ma-
terials. VDI 2736 [2] only contains values for a limited
number of thermoplastics.

2 Aim of this work

The aim of this work is the systematic experimental inves-
tigation of the operating behavior of oil-lubricated high-
performance plastics in the material pairing steel-plastic.
For this purpose, temperature measurements are carried out
at different tooth positions under varying operating condi-
tions. Furthermore, the occurring damage behavior is char-
acterized and the resulting service life is evaluated. The
investigations focus on an unreinforced and a carbon fiber
reinforced PEEK material.

3 Testrig setup

All experimental investigations are performed on a modified
FZG back-to-back test rig according to [13] with a cen-
ter distance of a=91.5mm. In order to control the tooth
temperature the test rig is equipped with an oil lubrica-
tion system. The lubricant is injected directly into the gear
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oil injection 5 Table2 Test gear geometry
Pinion Gear
oil level Normal module (mm) 3
Normal pressure angle ©) 20
Helix angle ©) 0
Face width (mm) 22 20
Number of teeth -) 24 36
Tip diameter (mm) 78.32 114.7
; v Usable tip diameter (mm) 78.32 113.9
S —— ' Tip edge radius (mm) - 0.75
T ———— L Tip relief amount (um) =~ 400 -
plastic test gear Mzdiﬁcation length (:lnm) ) _
Transverse contact ratio -) 1.20
Fig. 1 Test gear housing of FZG test rig acc. to [10, 13] Material ©) Steel Plastic

Table 1 Main data FVA 3A [14]

Nomenclature

Value/Type

92 to 99 mm?/s
10.4 to 10.9 mm?/s

Kin. viscosity at 40°C
Kin. viscosity at 100°C

Viscosity index VI 95
Density at 15°C 0.879 to 0.886 kg/dm?
Additive 4% Anglamol 99

mesh while the oil level is maintained constant at the shaft
center. Heating cartridges and cooling pipes allow control-
ling the oil temperature at predefined temperature levels.
Fig. 1 shows the test gearbox with mounted plastic test
gear and steel pinion with the oil sump level at shaft center.
To measure the tooth temperatures, the test rig is provided
with a corresponding sensor system. Thermal sensors are
applied to the plastic gears and the measurement signal is
passed via a hollow shaft from the housing to a telemetry
system.

Software is used to continuously monitor and record the
tooth temperatures during operation. All tests are performed
with an ISO VG 100 reference mineral oil (FVA 3+4%
Anglamol 99) with a sulfur-phosphorus-based additive
package. The lubricant main data are shown in Table 1.

4 Test gears

The experimental investigations were carried out in accor-
dance with previous investigations [10, 11, 15] using test
gears of a transmission ratio of i=1.5at a design size of
m,=3mm. The detailed specifications of the test gear ge-
ometry are documented in Table 2. The plastic gears are
molded onto a steel insert. The steel insert is fixed to the test
rig shaft by means of a conical adapter. This ensures a reli-
able shaft-hub connection. Holes distributed evenly around
the circumference of the steel insert are filled with plastic
during the injection molding process and ensure a suffi-

ciently strong form fit between the plastic and the steel
insert. As a result of the injection molding process the plas-
tic gear features a tip edge radius. The detailed design of
the plastic gear and the steel insert is shown in Fig. 2.

All experimental investigations are performed using
a case hardened and ground 16MnCr5 steel pinion. The
steel pinion is designed with a circular tip relief to prevent
premature damage on the plastic gear caused by meshing
interference. The tip relief ensures that the sharp-edged tip
edge of the steel pinion cannot engage with the dedendum
flank area of the plastic gear, which would lead to signif-
icant pressure peaks in this area. The use of a tip relief
significantly lowers the pressure in the extended area of
contact and guarantees that the maximum Hertzian pressure
is present in the area of single tooth contact.

The steel pinions reach surface roughness values of
Ra<0.4pm and gear qualities of Q<6 according to
DIN 3962 [17]. The plastic gears achieve gear qualities
of Q~ 12. The surface roughness of the plastic gears dif-
fers depending on the material. The unreinforced test gears
exhibit roughness values of Ra=0.1pum, while the carbon
fiber reinforced test gears indicate surface roughness values

~_—1 plastic gear rim
e e J

plastic filled bore

steel insert

Fig.2 Design of plastic test gears [16]
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Table 3 Properties of plastic materials

Material Vestakeep Vestakeep
5000G 4000CF30

Young’s modulus at 23 °C 3515 23,000

in N/mm?

Poisson’s ratio 0.41 0.44

Density in g/cm? 1.30 1.40

Fiber reinforcement None 30% carbon fiber

of Ra=0.6pum. The roughness of the flanks is evaluated
as the mean value of three teeth around the circumference
measured in the direction of the involute in the middle of
the face width. The main properties of both unreinforced
and carbon fiber reinforced PEEK materials are shown in
Table 3. The two materials differ fundamentally in their me-
chanical properties. The addition of carbon fibers increases

S O

P bulk temp.
o &
oghil

Fig.3 Position of thermal sen-
sors

Vestakeep 5000G -T2=30 Nm

6 -T2=6O Nm | 1

Rise of tooth temperature in K

Vg

QGVm %GV\\

Fig.4 Temperature measurement. Vestakeep 5000G; n2=3000min™!,
Boi=80°C
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the Young’s modulus of the reinforced variant significantly
by a factor of more than six.

5 Experimental investigation of tooth
temperature

To characterize the thermal operating behavior, stage tests
are performed on the back-to-back test rig. For this purpose,
speed is increased stepwise at constant torque once a ther-
mal steady-state condition is established. The test gears are
equipped with PT100 thermal sensors, which are mounted
at different positions approximately 1.5 mm below the tooth
surface. An additional thermal sensor is located in the mid-
dle of the tooth to monitor the tooth bulk temperature. Fig. 3
shows the positions of the thermal sensors. For each mea-
surement only one tooth is equipped with a single thermal
Sensor.

The measuring tests are carried out up to a maximum
wheel speed of n,=3000min! at two different torque lev-
els at a constant oil temperature of 90;=80°C. Fig. 4 and 5
show the measured rise of temperature compared to the
oil temperature at different tooth positions at the maximum
speed of n,=3000min"'. The temperature increase amounts
to only a few K at all measuring positions for both ma-
terials investigated. The temperature increase of the bulk
temperature is the lowest in all investigated load cases. The

Vestakeep 4000 CF30 -T2=3O Nm

6 | -T2=6O Nm| -

Rise of tooth temperature in K

QGV\K

86««)

Fig.5 Temperature measurement. Vestakeep 4000CF30; no=3000min™!,
Boi=80°C
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Fig.6 Comparison of temperature measurement with VDI 2736 [2],
Vestakeep 5000G

temperature increase in the center of the tooth is caused
by viscoelastic losses due to tooth deformation and by heat
conduction from the tooth surface. The friction in the tooth
contact results in heating of the tooth surface. However,
due to the effective heat dissipation by the lubricant, the
tooth surface heats up only to a minor extent for the oper-
ating conditions investigated in this study. The temperature
differences between dedendum, pitch point and addendum
areas are negligible since they are in the range of measure-
ment accuracy. The transmitted torque has a major influ-
ence on tooth warming. As expected, an increase in torque
leads to an increase in tooth temperature. However, even
for higher torques, the heat can be effectively dissipated
from the tooth contact by the lubricant. The measured tem-
perature differences between reinforced and unreinforced
material are marginal.

The results of the temperature measurements are com-
pared with the calculated tooth temperatures according to
VDI 2736 [2]. To calculate the tooth temperature for oil-
lubricated gears, VDI 2736 [2] recommends a coefficient of
friction of u=0.04. Fig. 6 shows the maximum measured
tooth heating in comparison with the heating calculated ac-
cording to VDI 2736 [2] for the unreinforced variant. The
tooth temperatures calculated according to VDI 2736 [2] are
significantly higher than the measured tooth temperatures.
However, it should be noted that the temperature sensor
is not mounted directly on the tooth surface, but approxi-

mately 1.5mm below the tooth surface, and consequently
there is a certain temperature gradient towards the surface.
Reitschuster [18] investigates the friction behavior of oil-
lubricated PEEK disks in a steel-plastic pairing in a two-
disk test rig and determines the coefficient of friction for
different operating conditions to approximately pu= 0.01.
The recalculation of the tooth temperatures according to
VDI 2736 [2] with the reduced coefficient of friction results
in a significant improvement of the correlation between cal-
culation and measurement.

6 Experimental investigation of flank load
carrying capacity

To investigate the damage mechanism and fatigue character-
istics, single-stage fatigue tests are carried out in the back-
to-back test rig. All load carrying capacity tests performed
are carried out at an material temperature of 80°C and
a wheel speed of n,=2250min"!. The test runs are stopped
at regular intervals and the condition of the tooth flank and
the existing damage progress are documented. Tactile con-
tour scans are performed to determine the tooth profile. In
addition, the flank condition is documented photographi-
cally.

The torque is kept constant during the entire test run
and any torque reductions are compensated. The test run
is terminated according to [11] when flank damage reaches
2% of the active flank area of the plastic gear and the test run
is considered as a failed specimen (pitting damage). Fig. 7
shows the flank condition of an exemplary unreinforced
PEEK gear at the end of test.

The optical form of the generated pittings resemble those
observed on steel gears while the pittings occur preferably
at positions of high flank pressure and high negative specific
sliding speeds as also known from steel gears [11]. The
comparison of the tooth profile in new condition and at
end of test shows that hardly any profile form deviations
due to wear were formed during the test run. The profile
form deviation at the mean tooth height is attributed to
pitting generation. The photo documentation of the flank
condition at the end of the test shows significant damage
due to pitting.

Fig. 8 shows the flank condition at the end of an exem-
plary test run with the carbon fiber reinforced PEEK mate-
rial. Analogous to the test runs with unreinforced test gears,
the test runs were stopped when an area damaged by pitting
of 2% was reached. In contrast to the unreinforced variant,
significant profile form deviations due to wear and a re-
duction in the tooth cross-section can be observed for the
carbon fiber reinforced variant. The damage caused by abra-
sive wear is superimposed by large-area pittings. It should
be noted that the two tests (unreinforced and carbon fiber

@ Springer
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Fig.7 Flank condition at end 58 T T T T T T i T
of test, Vestakeep 5000G, new condition
57 F end of test
T2=43Nm, 19.0- 106 Load
cycles 56
€
E 55
<
T 541
5
S 53t
(8]
ES
52
51
T,=43Nm, N, =19.0e10°
50 ! ‘ . : : ‘
5 4 3 2 4 0 2 3 4 5
x-coordinate in mm
Fig.8 Flank condition at end 58
of test, Vestakeep 4000CF30, new condition
6 57 end of test
T2=43Nm, 4.1- 10° Load cycles
56
£
c55f
2
© 54
s
S s3t
(8]
ES
52
51 -
50 I : : : : | ‘ I
5 4 3 2 4 0 2 3 4 5
x-coordinate in mm

reinforced) were performed at identical torque. Under iden-
tical test conditions, the unreinforced variant achieves a sig-
nificantly higher running time until a critical pitting area is
reached without any wear occurring, while the reinforced
variant is already severely damaged by abrasive wear at an
early stage of the test. The recalculation of the wear coef-
ficient averaged from three test runs using the calculation
approach according to VDI 2736 [2] considering the reduc-
tion in tooth cross section, results in a wear coefficient of
kw=6.5-10°mm?*Nm for the herein performed tests at oil
lubricated conditions.

According to VDI 2736 [2], the consideration of wear is
of increased relevance especially in dry running conditions.
However, it can be shown at this point that the wear coeffi-
cient for the carbon fiber reinforced variant is in the range
of dry-running plastic gear systems although oil lubrica-
tion is applied and that the wear behavior has a significant
influence on the service life. At this point, VDI 2736 [2]
does not contain wear coefficients for oil-lubricated condi-
tions. The resulting service lifetime of the two investigated
thermoplastics is documented in Fig. 9. The flank pressure
according to VDI 2736 [2] is calculated taking into con-
sideration the geometry at the test beginning and changes
due to wear are not taken into account. It can be shown
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that the reinforced grade has advantages over the unrein-
forced grade, especially for short running times and high
flank pressures. It must be noted, however, that a compari-
son of the two materials by flank pressure has only limited
meaningfulness: Due to the large differences in the Young’s
modulus, the flank pressures in the tooth contact are very
different for identical tooth forces. The lower material stiff-
ness of the unreinforced variant leads to greater flattening
in the tooth contact and to a reduction in Hertzian pressure
for equal tooth load. For this reason, the results of the load
carrying capacity tests are shown as a function of the tooth
force per tooth width in Fig. 10. This allows the direct com-
parison of the transmissible tooth force up to damage. It can
be shown that the service life of the unreinforced variant is
significantly higher in the herein conducted study than the
lifetime of the reinforced variant at the same tooth force.
The low running time of the reinforced variant is at-
tributed to severe abrasive wear, which occurs in combi-
nation with pitting damage. The abrasive wear of the re-
inforced variant is attributed on the one hand to the pro-
duction-related higher flank roughness compared to unre-
inforced PEEK. Furthermore, due to the higher material
stiffness, higher pressures occur in tooth contact and more
energy is transmitted over a smaller flank area, which fur-
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Fig.9 S-N-curves of unrein- 200 F
forced and carbon fiber rein- 180 |-
forced PEEK, material temp. 160 |-
80°C (related to flank pressure), 140 [
dashed lines extrapolated e [
£ 120
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T 100 -
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Vestakeep 5000G (50% Failure probability) > ~
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Fig. 10 S-N-curves of unrein- 80 ¢
forced and carbon fiber rein- 70
forced PEEK, material temp. 60 E
80°C, (related to tooth force per F
facewidth) 50
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Vestakeep 5000G (50% Failure probability) |
Vestakeep 4000CF30 (50% Failure probability)
, L L | |
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ther promotes the development of wear. The addition of
fibers and the resulting improvement in mechanical prop-
erties can have a positive effect on tooth root load carrying
capacity [2]. However, with regard to tooth flank load carry-
ing capacity, the fibers influence the tribological properties
in the tooth contact and can lead to a combined occurrence
of wear and pitting and an overall reduction in tooth flank
load carrying capacity. When selecting a material, there-
fore, several aspects and a balancing of all requirements
must be taken into account. Minor optical changes in the
dedendum flank area and profile form deviations of a few
micrometers can be observed on the steel pinions after the
end of testing. The calculation of the minimum lubricant
film thickness acc. to [19] as well as the specific lubricant
film thickness of the unreinforced and the fiber-reinforced
variant shows significant differences in the present lubrica-
tion condition.

10 20 30 40 50
Wheel load cycles NL in 10°

The unreinforced plastic gear indicates a minimum lu-
bricant film thickness hmin=0.39um and a specific lubri-
cant film thickness of A=1.6 for the herein investigated
operating conditions. The fiber reinforced variant, however,
exhibits a minimum lubricant film thickness hpin=0.28 um
and a specific lubricant film thickness of A=0.6. Due to
the higher roughness and the resulting low specific lubri-
cant film thickness, the carbon fiber reinforced test gears
may be more sensitive to wear in operation than the non-
reinforced variants of lower roughness.

7 Conclusion
In this study, the thermal operating behavior and tooth flank

load capacity of oil-lubricated reinforced and unreinforced
PEEK gears were investigated. The measurement of the
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tooth temperatures at different operating conditions results
in a low heating of the plastic gears due to the effective
heat dissipation with oil lubrication. Experimental investi-
gations of the load carrying capacity and damage behavior
indicate the occurrence of pitting on unreinforced variants.
No wear can be observed for unreinforced PEEK. For the
fiber reinforced variant, on the other hand, severe flank wear
with superimposed pitting formation can be observed. For
the fiber reinforced variant, the wear coefficient was de-

Table 4 Nomenclature

termined according to VDI 2736. The achievable service
lives were also evaluated and compared. It was found that
the positive effects of fiber reinforcement in terms of tooth
root load carrying capacity may be accompanied by dis-
advantages in terms of tooth flank load carrying capacity.
For this reason, materials and operating conditions must
always be selected holistically, taking into account all in-
fluences and transverse influences, in order to achieve the
maximum possible service life.

Symbol Entity Description Source
a mm Center distance -
Ag m? Heat dissipating surface of the mechanism housing [2]
b mm Face width 2]
by mm Common face width of the gear pair [2]
d mm Pinion diameter 2]
ED - Relative tooth-engagement time [2]
F; N Tangential force 2]
Pmin wm Minimum lubricant film thickness -
Hy = Tooth loss factor 2]
Ky - Factor for tooth flank loading 2]
ky mm3/Nm Factor for tooth flank loading [2]
k9. flank K-(m/s)"” -mm' )W Flank heat transfer coefficient [2]
k9. ro0t K-(m/s)"” -mm' 5| W Root heat transfer coefficient [2]
A - Specific lubricant film thickness -
n; min~! Speed of (plastic) wheel -
Np - Number of load cycles -
my, mm Normal module [2]
P w Power 2]
R) ¢ K-m*/wW Heat transfer resistance of the gear housing 2]
SHmin - Required minimum safety factor 2]
T, Nm Torque at (plastic) wheel -
u - Gear ratio [2]
vy m/s Circumferential speed 2]
z - Number of teeth [2]
ZE ' N/mm? Elasticity factor 2]
Zy = Zone factor 2]
Zr - Surface roughness factor [2]
Zg - Spiral angle factor [2]
Z, - Contact ratio factor 2]
¥ °C Ambient temperature 2]
P, K Temp. rise at the pitch point -
Pdng K Temp. rise at utilized tip diameter -
Dq NF K Temp. rise at utilized dedendum diameter -
DHiank °C Flank temperature 2]
Doil °C Oil temperature -
Dhroot °C Tooth root temperature 2]
W - Coefficient of friction [2]
oH N/mm? Flank pressure at the pitch cylinder [2]
OHlimN N/mm? Rolling contact fatigue strength [2]
oHP N/mm? Permissible flank pressure [2]
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8 Nomenclature

The nomenclature is shown in Table 4.
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