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Abstract: The wear behaviour of PBT-steel gear sets under temporarily changed load has been
investigated using an in situ gear test rig developed at the LKT. The in situ test method is based
on analysing the timing differences between the index pulses of rotary encoders on the input and
output shaft of the test rig. The loading torque was varied between two levels and compared to the
permanently applied equivalent average load in terms of the resulting tooth flank wear. Moreover,
the number of load changes has been varied to analyse the influence of load changes on the gear
wear. The results show that the applied load spectrum determines the resulting tooth flank wear
even if the average applied load is the same. Moreover, it could be shown that the sequence of the
applied load, i.e., the load history, plays an important role, since the applied load and the duration of
the applied load within the run-in-stage disproportionately affect the wear behaviour over time.
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1. Introduction

Gears are widely used in power transmission systems in various industries and ma-
chines [1]. Compared to metal gears, plastic gears show many advantageous characteristics,
such as dry run capability [2], being lightweight [3], noise reduction [1], and low manufac-
turing costs [2] due to economic mass production by injection moulding. On the contrary,
the properties of plastic gears lead to specific failure modes. Plastic gears mainly fail due
to root fracture, melting, and tooth flank wear [4]. Since tooth flank wear influences the
functionality and quality of the product [5], detailed knowledge about the wear behaviour
of plastic gears is required to design gearboxes for specific applications [6]. In most appli-
cations, gears operate under variable load [7]. Consequently, the design of plastic gears
in terms of wear should consider the applied load spectrum. However, current design
guidelines such as VDI 2736 [8] and most studies in the literature only consider single stage
loading. Therefore, this work presents a detailed investigation of the tooth flank wear of
plastic gears under variable loading using an in situ gear test rig.

1.1. Wear Behaviour of Plastic Gears

Four different wear mechanisms, based on physical and chemical interactions in the
contact area of tribological systems, exist (Figure 1): fatigue wear, abrasion, adhesion, and
tribochemical reactions. These mechanisms cause material and geometrical changes of the
micro-contacts depending on the structure of the tribological system and the load collective.
The relevant load parameters of wear processes are the normal force, the velocity, the
temperature, and the loading duration [9].

Fatigue wear is caused by the formation of cracks in surface areas as a result of varying
tribological loads. Scratching and cutting loads lead to abrasion wear. Adhesion occurs
due to a separation of contact surfaces [9], which have been joined by galling in the case of
steel/steel contacts [10]. According to Faatz [11], polymers show lower secondary valence
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forces than steel, which leads to less adhesion in polymer /steel contacts. Especially pairings
of the same polymers show the most adhesion [11]. If the tribological load favours chemical
reactions between the materials in contact or the lubricant, which lead to the formation of
reaction layers or particles of differing wear rates, the underlying wear mechanism is a
tribochemical reaction [9].

Normal force ¢

Friction force —pp»

Fatigue wear

~

Fracture Reaction layer

Abrasion Adhesion Tribochemical reactions
Figure 1. Wear mechanisms of tribological systems according to [10].

In most tribological systems, there is a superposition of different wear mechanisms [10].
However, gears are characterised by a Hertzian contact pressure and a periodically applied
load. Therefore, the fatigue wear can be particularly pronounced [12].

Fatigue wear of polymer gears is caused by stress concentrations beneath micro-
contacts of the polymer surface due to friction forces [13]. These stress concentrations result
in the formation and propagation of cracks, which subsequently coalesce [14]. Eventually,
flat wear debris parts break away from the surface [11].

The wear behaviour of plastic gears is influenced by various factors. According to
Feulner [2], the rotational speed, as well as the loading torque, influence the gear wear.
However, the effect of increasing rotational speed on the gear wear is much lower and,
thus, less relevant compared to the effect of the applied loading torque. Moreover, the wear
behaviour is temperature-dependent [11]. Investigations of acetal gears [15] show a sudden
rise in gear wear at a critical transmitting torque because, when the surface temperature
reaches the material’s melting point, this is observed.

1.2. Initial Wear Behaviour of Polymer/Steel Contacts

Polymer/steel gear pairings typically show a degressive wear behaviour over time. After
an initial phase characterised by a high wear rate, a steady phase with a lower linear wear
rate follows [2]. This is due to the transition of the less wear-resistant outer zone to the more
crystalline and, thus, more wear resistant inner zone of injection moulded parts [16]. Moreover,
within the initial phase, an alignment of the surfaces in the contact area and the formation of
wear-reducing interlayers takes place, which reduces the further wear rate [17].

The run-in wear behaviour of polymer/steel gear pairings is dependent on the surface
structure and the surface roughness of the steel gear. However, there is no direct correlation
between the tooth flank temperature and the initial wear behaviour of the plastic gear. [18]
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1.3. Operating Properties of Gears under Spectrum Loading

There are numerous studies in the field of lifetime prediction of parts subjected to
varying loads. Different fatigue damage models are proposed in the literature. Since none of
these models considers all the relevant factors, such as load dependence, multiple damage
stages, nonlinear damage evolution, load sequence and interaction effects, overload effects,
small amplitude cycles below fatigue limit, and mean stress, there is no model of general
acceptance [19]. Therefore, the Miner linear damage rule [20], based on the concept of
Palmgren [21], is commonly used for the design of parts subjected to varying loads. The
Miner rule is based on the assumption that the energy accumulation per cycle leads to a
linear damage summation and eventually to failure of the part. The applied load spectrum
is expressed as load stages of different amplitudes with a frequency rn;. The damage for
every load stage r; is calculated using the maximum number of load cycles of the S-N
fatigue curve N; (Equation (1)):

R 1)
=N (

The damage of the load stages is accumulated resulting in the total damage D using
Equation (2):

i
D=7}r= N @)

Failure of the part occurs according to Miner when the theoretical lifetime is exceeded
atD=1.

Other models refer to different physical reasons for failure, such as endurance limit
changes (Henry [22]), number of damaged nuclei (Corten/Dolan [23]), and crack initiation
and propagation (Grover [24]).

Although thermoplastic parts fail similarly to metal parts by fracture under cyclic load,
the underlying process at the microscale is different. Since the surface and inner structure
of polymers are not perfectly homogenous, varying load is not exclusively stored elastically.
Instead, the cyclic applied load leads to non-reversible stretching in the inhomogeneous
zones. The stretching causes heat generation, which favors the mobility of the polymer
molecules. Eventually, the polymer fails due to breakage [25]. Moreover, thermoplas-
tic parts can fail due to rate-dependent thermal failure since the damping properties of
polymers lead to a dissipation of the applied energy as heat [26].

As far as gear sets under varying load are concerned, numerous studies exist in the
literature. Their focus mostly lies on lifetime prediction, condition monitoring, and experi-
mental lifetime testing of metal gear sets. Since the lifetime of gears is shorter under varying
loads [27], there are different studies focusing on the optimization of lifetime prediction
under varying loads. Lifetime predictions are performed by running simulations [27],
numerical models of bevel gears in terms of multiaxial fatigue [28], and thin-rim spur
gears in terms of bending fatigue [29]. The results of the studies mentioned above are
improved lifetime prediction models. Hein et al. [30] follow a more experimental approach
for the lifetime prediction of steel gears in terms of relevant damage mechanisms such as
tooth root breakage and pitting by designing a load spectrum truncation for accelerated
lifetime testing. Yang [31] investigated different linear cumulative damage hypotheses for
gears. The gear tests under spectrum loading show the best results for the Corten/Dolan
hypothesis. However, the results also show a discrepancy to the experimental lifetimes in
higher reliability range. Therefore, progressive damage accumulation rules should be used.

There are considerably less studies on polymer gears under spectrum loading. For
accelerated gear testing, step loading tests were performed by Pogac¢nik and Tav¢ar [32]
and Mao et al. [33]. In this case, the test gears are loaded with a constant torque for a certain
time period. After this period, the load is increased for another time period. Mao [33]
repeated this procedure until failure of the polymer gear. The results show a distinct rise of
the wear rate when a critical temperature is caused at certain torques.

In summary, there are various studies of metal gears under varying torques and
few studies of polymer gears. However, the focus is on lifetime testing and prediction
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and not on experimental investigations of the tooth flank wear of plastic gears under
application-oriented load conditions such as load changes. Therefore, this work provides
a detailed investigation of polymer/steel gear pairings under spectrum loading using an
in situ gear test rig of the LKT, which enables the measurement of the tooth flank wear
continuously during the test run. The aim of this study is to analyse the interactions
between varying loading torques, the resulting temperatures, and the formation of wear
debris of polymer/steel gear pairings in detail.

2. Materials and Methods

The wire cut pinions used for this work were made of 100Cr6. For the plastic gears PBT,
type Pocan B1305 by the LANXESS AG (Cologne, Germany), which is a typical material for
gears in actuating drives, was used. The technical specifications of the investigated gear
pairing according to DIN 867 [34] is shown in Table 1.

Table 1. Technical specifications of the investigated gear set.

DIN 867 Pinion Gear
Material 100Cr6 PBT Pocan B1305
Module 1 mm
Pressure angle 20°
Number of teeth 17 39
Gear width 8§ mm 6 mm
Profile shift 0.2045 mm —0.3135 mm

The plastic gears were injection-moulded according to the processing data sheet using
an Arburg 370U-700-30-30 injection-moulding machine by Arburg GmbH Co. KG (Lofsburg,
Germany). The most important processing parameters are shown in Table 2. The material
has been dried at 120 °C for 6 h before processing.

Table 2. Main processing parameters for the manufacturing of the plastic gears.

Processing Parameter Parameter Setting
Screw diameter 18 mm
Mass temperature 260 °C
Mould temperature 90 °C
Injection/Holding/Cooling/Cycle time 22s/6s/25s/42.8s
Holdingpressure 600 bar

Cylinder temperature profile

(Nozzle — indentation 260 °C /250 °C/240 °C/230 °C/90 °C

The gear tests were performed on a in situ test rig (Figure 2), which enables the
measurement of the tooth deformation and flank wear during the run. A three-phase A.C.
motor, type DSM150N, by Baumdiller, Nuremberg, Germany, on the input side, drives the
steel pinion. The loading torque is applied on the plastic gear by a hysteresis brake, type
CHB-12, by Magtrol, Rossens, Switzerland on the output side. Torque fluctuations during
the test run and the according frequency spectrum are measured by torque transducers,
type TMB307, by Magtrol, Rossens, Switzerland, on the input and the output side. The
temperature of the plastic gear is measured during the run by positioning a thermocouple,
type K, in a drilled hole with a diameter of 0.6 mm in the tooth root. The temperature
information is transferred to a data logging PC via telemetry, type TEL1-PLM-IND by Kraus
Messtechnik GmbH, Otterfing, Germany. The continuous tooth wear and deformation
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Initial, to

Worn, t1

t1 = to

Signal

measurement is based on rotary encoders, type A020 by Fritz Kiibler GmbH, Villingen-
Schwenningen, Germany, on the input and output shaft. The functional principle of the in
situ gear test rig has already been validated in terms of the measurement of the tooth flank
wear and plastic deformation [35].

Temperature
Analysis screen measurement Torque
J- Motor transducer
e —— Torque Gear pairing
‘ : : \ transducer Hysteresis brake

N
Rotary
encoders

Display for center
distance adjustment

Center distance
adjustment

Figure 2. Main components of the in situ gear test rig of the LKT [6].

In order to measure the tooth flank wear and deformation of the plastic gear on the
output side, the index pulses of the rotary encoders on the input and output shaft are
used. The timing difference between the index pulses increases during the test run (to < t;)

because the index pulse of the plastic gear delays with increasing wear and deformation
(Figure 3).
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Figure 3. Tooth wear induced change of the timing difference between input and output index pulses.



Polymers 2022, 14, 5239

6 of 12

The change of the timing difference At = t; — tj is an expression of the angular
displacement between the input and output shaft. The displacement between gear and
pinion due to wear is shown in Figure 4.

Steel pinion

Apd "~

Figure 4. Tooth wear induced angular displacement between pinion and gear.

Since T is the time for one rotation of the plastic gear on the output shaft, Equation (1)
can be used to calculate the angular displacement A¢ between pinion and gear:

At o
Ap = T 360 (©)]

The tooth flank wear As can be determined using the angular displacement A
according to Equation (2), at the measuring diameter dyg = 38.146 mm according to DIN
3977 [36]: 4

T
Apons @)

At the given sampling rate of 80 MHz, the encoders can sample every 0.0000000125 s
which equals a 0.00003° rotation. At a rotational speed of 1000 min~1, this results in a tooth
deformation measurement of £0.01 um, assuming a polymer gear with a pitch diameter of
39 mm is tested. Thus, the resolution of the test rig is very high, but decreasing with higher
rotational speeds.

The test rig enables switching between a high testing torque and a low measuring
torque after a predefined numbers of load cycles. One load cycle is defined as the time
period until every tooth of the pinion and the gear has been in contact. By switching
between the high and low torque the elastic component of the total deformation is removed.
Thus, the remaining deformation (plastic deformation and wear), can be evaluated as seen
in Figure 5.

As =

elastic

deformation high" cycle

= ‘ ' '
"low" cycle
| WARNRN
plastic deformation and wear

Runtime

Total deformation
L

Figure 5. Distinction between elastic deformation and plastic deformation and wear, schemati-
cally [37].

In this work, the influence of load changes on the tooth flank wear has been inves-
tigated. For this reason, the loading torque was changed between 1.7 Nm and 0.3 Nm
(measuring torque). The measuring torque has to be as low as possible to remove most of
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Torque in Nm

Torque in Nm

2.0

1.8+
1.6+
1.4+
1.21

1.0

0.81
0.61
0.41
0.21

0.0

2.0

1.8+
1.61
1.41
1.24
1.04
0.84
0.64
0.44
0.21

0.0
0

the elastic deformation. At the same time, the measuring torque has to be high enough to
ensure that the gears do not lose contact. Therefore, 0.3 Nm has been chosen. The load has
been changed one, five, and ten times during the test run, and the resulting wear has been
compared to the equivalent permanent load of 1.0 Nm and a maximum permanent load of
1.7 Nm. At the end of the test runs, the torque was reduced to 0.3 Nm for 300 load cycles in
order to ensure comparability. The used torque settings are shown in Figure 6. For each
torque setting, a repetition number n of 3 gears has been tested.

0

One load change

Permanent load 1.0 Nm fg Permanent load 1.7 Nm

1.6

£ 14

£ 12

2 10

T 08

2 06
04
0.2
0.0

3000 6000 9000 12,000 0 3000 6000 9000 12,000
Load cycles Load cycles

2.0 - 2.0
18 Five load changes 18] Ten load changes
w6l 11 T 1 171 ] w611 T T

E 1.4 % 1.4

£ 1.2 £ 1.2

o 1.0 o 1.0

5 0.8 g 0.84

P 06 — 0.6
0.4-_____ 0.4-__________
0.2 0.21

. . . . 0.0 . : . . 0.0
3000 6000 9000 12,000 0 3000 6000 9000 12,000 0 3000 6000 9000 12,000
Load cycles Load cycles Load cycles

Figure 6. Torque settings used for the gear tests.

The gear tests were performed at a rotational speed of 1170 min~!. The temperature
of the plastic gear has been recorded continuously. The test duration was 5 x 10° pinion
rotations, which equals 12.820 load cycles, or 7.17 h at the given speed. Since the run-in
stage is already completed after about 3 h, the wear only increases linearly at a lower wear
rate. Therefore, the chosen test duration of 7.17 h seems to be sufficient to analyse the
wear behaviour.

A dynamic mechanical analysis of the used material, PBT Pocan B1305, was performed
to correlate the resulting temperatures of the gears during the test run with the mechanical
properties of the material. For this purpose, an ARES-rheometer, TA Instruments, New
Castle, US was used. The chosen load type for the analysis was torsion, and the heating
rate was 2 K/min.

To investigate the influence of the load history on the gear wear, additional gear tests
with a repetition number n of 3 gears were performed. These tests were conducted with
one load change but starting with the low torque of 0.3 Nm for 6410 load cycles and a
following torque of 1.7 Nm for the remaining 6410 load cycles. To quantify the gear wear
in detail, the contour of the gears has been measured using a coordinate measurement
machine, type Leitz PMM 654, by Hexagon Metrology GmbH, Wetzlar, Germany, with a
tip radius of 1.0 mm. The contours have been compared to the average untested contour
measured via coordinate measurement machine. The tooth flank wear was evaluated as
the biggest normal distance between the average untested contour and the average contour
after the test run.
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3. Results and Discussion

The gear tests show that load changes lead to higher wear compared to the equivalent
permanent load of 1.0 Nm, which is 30.7 pm =+ 4.2 um after the defined test duration. The
in situ measured wear increases with less load changes. At ten load changes, the wear
is 52.4 ym =£ 3.2 um. It further increases from 64.8 um =+ 2.4 pm at five load changes to
77.1 £ 6.5 pm at one load change. The highest wear of 109.4 um =+ 8.2 um is measured at the
gears tested at 1.7 Nm permanent load. It has to be noted that the total deformation of the
gears tested with 1.7 Nm permanent load and one load change is higher at the beginning
of the rest run than the deformation of the gears tested with five and ten load changes.
However, the differences are still within the range of the standard deviations. The in situ
measured results of the gear tests are summarised in Figure 7

400
J Permanent load 1.0 Nm n=3
375 |—=—Permanent load 1.7 Nm Pinion speed 1170 min™
1 1 Load change 1.7 Nm/0.3 Nm
350 4—e—5Load changes 1.7 Nm/0.3 Nm
395 |—*— 10 Load changes 1.7 Nm/0.3 Nm

T
1 LI'MF il

300 e TTTIT
2754 7]

E 2504 | [TLL B =i
fad A A
c 2254 A ,
3 200 J’A’l ¢ r ﬁg‘f{ g f ﬁﬂ
g 175-:’?!;' / L g ]
o 150 )

125

100—:1 ]

75 - 7 I [ :
o1 LU L2 SR

4L oo

i

0

i I N I " 1 ! I
0 3000 6 000 9 000 12,000
Load cycles

Figure 7. In situ measured gear wear in dependence of the applied load spectrum.

One explanation for the lower wear at 1.0 Nm permanent load is the resulting tem-
perature being lower than at varying torques. The average equilibrium state temperature
at 1.0 Nm permanent torque is about 33 °C & 2 °C. When the loading torque is changed,
the temperature rises higher. For five and ten load changes, the maximum temperature
is about 41 °C £ 3 °C. In the case of one load change, the temperature even rises up to
43 °C £ 2 °C, which is only about 2 °C lower than the equilibrium temperature at 1.7 Nm
permanent torque (45 °C £ 2 °C). The temperatures during the gear test runs, measured
via thermocouple in the tooth root area, are shown in Figure 8.

The maximum reached temperatures in the case of one, five, and ten load changes
do not vary distinctly. Moreover, the temperature of the reference test runs at 1.7 Nm
permanent load is only slightly higher. In general, the different torque settings are causing
temperatures which differ mostly within the range of the standard deviations. Therefore,
temperature might play a negligible role for the different wear behaviour under varying
load spectrums of the same average load. However, the dynamic mechanical analysis shows
that the glass transition starts at about 40 °C and ends at about 60 °C, with decreasing
storage modulus G’. Since the stored reversible energy decreases, the wear rate increases.
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60
Permanent load 1.0 Nm n=3

| —— Permanent load 1.7 Nm Pinion speed 1170 min™
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Figure 8. In situ measured tooth root temperature of the polymer gear.

The resulting wear shown in Figure 7 implies that the applied load and the duration
of the applied load in the run-in phase is crucial for the resulting wear. Considering the
wear mechanisms explained in Section 1, the reason could be that high torques in the run-in
phase cause more stress concentrations, since the alignment of the surfaces has not been
completed. This may result in more pronounced crack initiation and propagation.

In the case of one load change, the polymer gear is loaded with the high torque of
1.7 Nm during the vast majority of the run-in stage. However, with more load changes, the
loading period with the high torque of 1.7 Nm converges to only 50% of the run-in phase
and, therefore, results in lower wear.

In order to verify this hypothesis, gear tests have been performed with one load change
but starting with the low torque of 0.3 Nm for 6410 load cycles and following with a rise to
1.7 Nm loading torque for the remaining 6410 load cycles. In this case, the loading torque is
low for the majority of the run-in phase. The low loading torque within the run-in phase
should enable an alignment of the surfaces, leading to less stress concentrations and less
crack initiation and propagation, and, thus, less wear, when the high loading torque is
applied. The results of the coordinate measurements are shown in Figure 9.

1.50
2.25 1
2.004
E 1754
= 1.25 4
= 1.50
=
2
2 1.251
£ I
8 1.004 30.0 ym
[ 1.004 12.8 ym
0.75 1
0.50
0.25
T T T T T T T T T 0.75 T -
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25
Tooth width in mm
—— average untested contour
—— after testrun 1.7 Nm/0.3 Nm
—— after testrun 0.3 Nm/1.7 Nm
n=3

Figure 9. Coordinate measurements of gears tested with one load change in different sequence.
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The coordinate measurements show almost exclusively tooth flank wear. At the tooth
tip of the side not in contact with the pinion minor plastic deformation can be seen. The
tooth flank wear of the side in contact is not distributed uniformly. Wear mainly occurs in
the tip area and below the pitch point with the greatest amount of wear being observed
below the pitch point. The average contour of the gears tested with the low torque at the
start of the test run shows much less wear, which supports the hypothesis mentioned above.
However, the wear measured via the coordinate measurement machine is 12.8 um for the
test runs, with the low torque at the start, and 30.0 pm for the test runs with the high torque
at the start. These values are much lower than the in situ measured tooth flank wears
of 45.4 £ 3.5 pm (0.3 Nm/1.7 Nm loading torque) and 77.1 £ 6.5 um (1.7 Nm/0.3 Nm
loading torque). The deviation between in situ and ex situ measurements has already been
analysed in a previous article by Herzog et al. [35]. The results show good correlation
of in situ and ex situ measurements. However, the measured values are not the same
since the in situ test rig measures timing differences during operation, and the coordinate
measurement compares contours locally. Nevertheless, the Pearson correlation coefficient
of 0.9818 indicates that the in situ gear test rig is qualified for measuring the gear wear and
plastic deformation continuously.

The measured temperature of the gears tested with one load change in different
sequence is shown in Figure 10. The maximum tooth root temperature of the gears loaded
with 0.3 Nm first is about 47 °C £ 1 °C, whereas the maximum temperature of the gears
loaded with 1.7 Nm first is about 43 °C £+ 2 °C.

60

1 Load change 1.7 Nm/0.3 Nm n=3

55 1——1 Load change 0.3 Nm/1.7 Nm Pinion speed 1170 min™'

50
45 4
40 4

35 +

Temperature in °C

30

25 4

20 ¥ T T T T T T T
0 3000 6 000 9 000 12,000
Load cycles

Figure 10. Temperature of the gears tested with one load change in different sequence.

This confirms the assumption that temperature is not the main reason for the different
wear behaviour under varying loads. Probably the differences in temperature and corre-
spondingly the storage modulus between the different torque settings are not significant
enough to influence the wear behaviour distinctly.

However, additional gear tests with longer test durations until failure of the plastic
gear have to be performed to confirm the results and come to definitive conclusions.

4. Conclusions

In practical applications, gears are subjected to load collectives rather than single stage
loading. Since most of the current wear investigations of polymer gears only consider single
stage loading, this work provides a more comprehensive approach by testing PBT-steel
gear pairings under spectrum loading regarding the resulting gear wear.
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The results show that load changes lead to higher wear than the permanently applied
average equivalent load. Moreover, the wear is increasing with a decreasing number of
load changes. One explanation is that the load changes lead to higher peak temperatures
causing more wear since the storage modulus decreases with increasing temperatures
within the observed range. However, coordinate measurements give evidence that the
applied load and the duration of the applied load during the run-in stage determine the
resulting wear, since higher loads forward crack initialisation and propagation when the
contact surfaces are not aligned due to more pronounced stress concentrations.

Future research should be conducted in the field of application-oriented gear wear
testing in order to improve current design guidelines such as VDI 2736. Therefore, further
research is currently conducted at the LKT to examine the wear behaviour of polymer/steel
gear sets under temporarily varying torques and speeds. Especially longer test durations
until failure of the gear and additional load spectra have to be investigated in the future.

Author Contributions: Conceptualization: C.H., methodology: C.H., writing—original draft prepara-
tion: C.H., visualization: C.H., investigation: C.H.; formal analysis: M.W. and D.D., writing—review
and editing: M\W. and D.D.; supervision: D.D. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors thank the German Research Foundation (DFG) for funding the research
project—"FOR 2271—Process-oriented tolerance management based on virtual assurance methods”,
under the grant numbers DR 421/21-2 and ME 2043/55-2.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the LANXESS AG for providing the used materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Singh, A.K,; Singh, S.; Singh, PK. Polymer spur gears behaviors under different loading conditions: A review. J. Eng. Tribol. 2017,
232,210-228. [CrossRef]

2. Feulner, R. Verschleify Trocken Laufender Kunststoffgetriebe: Kennwertermittlung und Auslegung. Doctoral Thesis, Friedrich-
Alexander-University Erlangen-Nuremberg, Erlangen, Germany, 2008.

3.  Hlebanja, G.; Hribersek, M.; Erjavec, M.; Kulovec, S. Durability Investigation of plastic gears. MATEC Web Conf. 2019, 287, 02003.
[CrossRef]

4. Ehrenstein, G.W. Mit Kunststoffen Konstruieren: Eine Einfiihrung; Hanser: Munich, Germany, 2007.

5. Wartzack, S.; Meerkamm, H.; Stockinger, A.; Stoll, T.; Stuppy, J.; Vo3, R.; Walter, M.; Wittmann, S. Toleranzmanagement-
Lebenszyklusorientierte Toleranzsimulation zur Funktionalen und Asthetischen Produktabsicherung. Konstr.-Z. Prod. 2011,
63, 63.

6. Gierl, B.; Hertle, S.; Kleffel, T.; Drummer, D. Micrometer Accurate Measurement of Tooth Wear. Wear Meas. Test. Technol. 2019, 9,
107-109.

7.  Hein, M. Zur Ganzheitlichen Betriebsfesten Auslegung und Priifung von Getriebezahnrddern. Doctoral Thesis, Technical
University Munich, Munich, Germany, 2018.

8. VDI 2736 Blatt 4; Thermoplastische Zahnrader—Ermittlung von Tragfdhigkeitskennwerten an Zahnrédern. Verein Deutscher
Ingenieure: Diisseldorf, Germany, 2016.

9.  Deters, L; Fischer, A.; Santner, E.; Stolz, U. Verschleif$, Reibung: Definitionen, Begriffe, Priifung; Gesellschalft ftir Tribologie: Moers,
Germany, 2002.

10. Czichos, H.; Habig, K.-H. Tribologie-Handbuch: Tribometrie, Tribomaterialien, Tribotechnik; Springer: Berlin/Heidelberg,
Germany, 2015.

11. Faatz, P. Tribologische Eigenschaften von Kunststoffen im Modell- und Bauteilversuch. Ph.D. Thesis, Friedrich-Alexander
Universitat Erlangen-Niirnberg, Erlangen, Germany, 2002.

12.  Broszeit, E. Verschleifs durch Oberflichenzerriittung an wilzbeanspruchten Bauteilen. In Reibung und Verschleif§ von Werkstoffen,
Bauteilen und Konstruktionen; Expert Verlag: Renningen, Germany, 1982. [CrossRef]

13. Schallamach, A. Friction and abrasion of rubber. Wear 1958, 1, 384-417. [CrossRef]

14. Suh, N.P. An overview of the delamination theory of wear. Wear 1977, 44, 1-16. [CrossRef]


http://doi.org/10.1177/1350650117711595
http://doi.org/10.1051/matecconf/201928702003
http://doi.org/10.1002/mawe.19820130809
http://doi.org/10.1016/0043-1648(58)90113-3
http://doi.org/10.1016/0043-1648(77)90081-3

Polymers 2022, 14, 5239 12 of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

Mao, K.; Hooke, C.J.; Walton, D. Acetal gear wear and performance prediction underunlubricated running condition. J. Synth.
Lubr. 2006, 23, 137-152. [CrossRef]

Kiinkel, R.; Ehrenstein, G.W. Effects of morphology on the tribological beaviour of thermoplastics in sliding contact. In Proceedings
of the 61st Annual Technical Conference, Nashville, TN, USA, 4-8 May 2003.

Ye, J.; Tao, B.; Sun, W.; Haidar, D.R; Alam, K.L; Liu, K.; Burris, D.L. The competing Effects of Counterface Peaks and Valleys on
the Wear and Transfer of Ultra-Low wear Alumina-PTFE. Tribol. Lett. 2018, 66, 12. [CrossRef]

Schubert, D.; Rohrmoser, A.; Merklein, M.; Drummer, D. Effect of Surface Structure on Run-in Wear in Steel-Polyamide Gear Sets.
J. Plast. Technol. 2019, 5, 371-391.

Fatemi, A.; Yang, L. Cumulative fatigue damage and life prediction theories: A survey of the state of the art for homogeneous
materials. Int. |. Fatigue 1998, 20, 9-34. [CrossRef]

Miner, M.A. Cumulative damage in fatigue. J. Appl. Mech. 1945, 12, A159—-A164. [CrossRef]

Palmgren, A. Die Lebensdauer von Kugellagern. Verfahrenstechnik 1924, 68, 339-341.

Henry, D.L. A Theory of Fatigue-Damage Accumulation in Steel. ]. Fluids Eng. 1955, 6, 913-918. [CrossRef]

Corten, H.T.; Dolan, T.J. Cumulative fatigue damage. In Proceedings of the International Conference on Fatigue of Metals,
London, UK, 28-30 November 1956; Volume 1, pp. 235-246.

Grover, H.J. An Observation Concerning the Cycle Ratio in Cumulative Damage. In Symposium on Fatigue of Aircraft Structures;
ASTM International: West Conshohocken, PA, USA, 1960; pp. 120-124. [CrossRef]

Engel, L.; Ehrenstein, G.W.; Klingele, H.; Schaper, H. Rasterelektronenmikroskopische Untersuchungen von Kunststoffschiden; Hanser:
Munich, Germany, 1978.

Riddell, M.N.; Koo, G.P,; O'Toole, J.L. Fatigue Mechanisms of Thermoplastics. Polym. Eng. Sci. 1966, 6, 363-368. [CrossRef]

Du, X.J.; Zhang, S.R.; Zhang, Y.H. Fatigue Life Prediction of the Gear Box in Tracked Vehicles Based on Running Simulation Tests.
Strength Mater. 2019, 51, 578-586. [CrossRef]

Jia, P; Liu, H.; Zhu, C.; Wu, W.; Lu, G. Contact fatigue life prediction of a bevel gear under spectrum loading. Front. Mech. Eng.
2020, 15, 123-132. [CrossRef]

Kramberger, J.; Sraml, M.; Potr¢, L; Flagker, . Numerical calculation of bending fatigue life of thin-rim spur gears. Eng. Fract.
Mech. 2004, 71, 647-656. [CrossRef]

Hein, M.; Tobie, T.; Stahl, K. Test method for time-scaled fatigue tests of gear transmission systems. Forsch. Ing. 2017, 81, 291-297.
[CrossRef]

Yang, Q.]. Fatigue test and reliability design of gears. Int. J. Fatigue 1996, 18, 171-177. [CrossRef]

Pogaénik, A.; Tav¢ar, J. An accelerated multilevel test and design procedure for polymer gears. Mater. Des. 2015, 65, 961-973.
[CrossRef]

Mao, K; Langlois, P.; Hu, Z.; Alharbi, K.; Xu, X.; Milson, M.; Li, W.; Hooke, C.; Chetwynd, D. The wear and thermal mechanical
contact behaviour of machine cut polymer gears. Wear 2015, 332, 822-826. [CrossRef]

DIN 867:1986-02; Bezugsprofile fiir Evolventenverzahnungen an Stirnradern (Zylinderrddern) fiir Den Allgemeinen Maschinen-
bau und den Schwermaschinenbau. Deutsches Institut fiir Normung: Berlin, Germany, 1986.

Herzog, C.; Wolf, M.; Schubert, D.; Drummer, D. In situ investigation of the influence of varying load conditions on tooth
deformation and wear of polymer gears. Forsch. Ing. 2022, 86, 545-555. [CrossRef]

DIN 3977:1981-02; Mef8sttickdurchmesser fiir das Radiale Oder Diametrale Priifmafl der Zahndicke an Stirnrddern (Zylinder-
radern). Deutsches Institut fiir Normung: Berlin, Germany, 1981.

Schubert, D.; Herzog, C.; Drummer, D. Test Rig for the In Situ Measurement of the Deformation Characteristics of Polymer Gears.
J. Plast. Technol. 2022, 18, 94-116. [CrossRef]


http://doi.org/10.1002/jsl.17
http://doi.org/10.1007/s11249-017-0966-x
http://doi.org/10.1016/S0142-1123(97)00081-9
http://doi.org/10.1115/1.4009458
http://doi.org/10.1115/1.4014547
http://doi.org/10.1520/STP45928S
http://doi.org/10.1002/pen.760060414
http://doi.org/10.1007/s11223-019-00103-7
http://doi.org/10.1007/s11465-019-0556-8
http://doi.org/10.1016/S0013-7944(03)00024-9
http://doi.org/10.1007/s10010-017-0226-0
http://doi.org/10.1016/0142-1123(95)00096-8
http://doi.org/10.1016/j.matdes.2014.10.016
http://doi.org/10.1016/j.wear.2015.01.084
http://doi.org/10.1007/s10010-022-00591-1
http://doi.org/10.3139/O999.02022022

	Introduction 
	Wear Behaviour of Plastic Gears 
	Initial Wear Behaviour of Polymer/Steel Contacts 
	Operating Properties of Gears under Spectrum Loading 

	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

