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ABSTRACT

The failure of polymer<gears is strongly affected by applied torque and surface temperature. Higher torque
increases contact stress and temperature, accelerating gear degradation. This study investigates failure mechanisms
through multiscale analysis under five torque levels (6, 8, 10, 12, and 14 N-m) using polyoxymethylene (POM), a
common polymer for plastic gears. Gear surface temperature was monitored online during tests. Failure mechanisms
were examined on both macroscopic and microscopic scales. Macroscopically, surface characteristics were analyzed,
while scanning electron microscopy (SEM) provided insights into microscopic wear patterns. Results revealed that
increasing torque from 6 to 14 N-m raised surface temperature by up to 98%, attributed to combined mechanical and
thermal effects. At lower torque levels (6—10 N*m), pitch-line cracks, plastic deformation, and wear were observed.
However, at torques above 10 N-m, material flow‘and adhesive wear became dominant, with severe microscopic

material movement linked to POM’s low thermal conductivity.
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1. Introduction

Gears play a critical role in transmitting power and
motion across various applications. They are
categorized into metallic and non-metallic types based
on‘their‘lead-bearing capabilities. Recently, the demand
for lightweight components has increased due to factors
like cost reduction, higher production rates, and noise
reduction«[1]. Plastic gears have gained popularity due
to their benefits, including low noise levels, cost-
effectiveness, and _light weight. However, they
experience variousswear,mechanisms, such as abrasion,
cracks at the toothiroot, and thermal deformation. Since
polymers have lower thermaliresistance than metals and
ceramics, thermal wear is particularly common in the
gear's tooth area. Different <polymers, such as
polyacetal, polyamide, and PEEK, have been studied for
gear applications, with polyacetal being favored for its
low friction, elastic properties, and, dimensional
stability. However, it has limitations, including poor
thermal resistance and susceptibility to cracks. Studies
have shown that wear and" temperature” increase
significantly once the applied torque exceeds a critical
threshold. This study aims to investigate the /wear
mechanisms of polyacetal gears under different torques,
using both macroscopic and microscopic analysis
techniques, including digital microscopes and scanning
electron microscopy (SEM), to assess thermal stressand
wear behaviors in greater detail.

2. Experimental

In this experimental study, pure polyacetal (F20-03)
was chosen as the polymer material for gear
manufacturing. The granules were dried at 80°C for 4
hours before injection molding. Gears were produced
using an injection molding machine, with mold and melt
temperatures set at 60°C and 80°C, respectively. The
geometric specifications of the gears are provided in
Table 1.

Table 1. Gear geometric (all dimensions are in mm)

Module (m) 2
Center distance (z) 72
Number of teeth (no unit) 36
Pressure angle (°) (er,) 20
face width (b) 14
Tip radius (ry) 38
Pitch of base circle (pz) 36

Base circle radius (v3) 33.83

Gear tests were conducted using a custom-built gear
testing apparatus. Detailed specifications of the
apparatus are available in other references [2]. The tests
were performed at 1500 RPM, matching the nominal
speed of the AC motor and the gear pump used. The
driven gear was directly connected to a hydraulic unit
through a coupling to generate the desired torque. The
torque was adjusted by setting the pressure relief valve
between the pump and the storage reservoir inlet. The
testing followed a fixed loading strategy, applying five
loads, and continued until failure occurred. To capture
precise images, a digital microscope was positioned in
front of the driving gears during imaging. The surface
temperature of the gears was measured online using a
non-contact infrared temperature sensor (GY-
MCU90615), installed near the top of the driving gear.

3. Results and Discussion

Figure 1 shows that at torques of 6 and 8 Nm, the gear
temperature remains stable after an initial increase.
However, when the torque exceeds these values, the
temperature rises continuously until failure occurs.
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Figure 1. The surfacetemperature of the gear teeth under
varying torques

Figures 2 to 6 show different wear mechanisms in
polyacetal gears under various torque levels. In Figure 2
(6 Nm torque), cracks formed along the pressure line
near the tooth root due to high contact stresses, reversed
slipping, and heat buildup.
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Figure 2. Different scales of failure mechanisms at the
moment of failure under a load of 6 Nm
Figure 3 shows the wear mechanisms in polyacetal

gears under 8 Nm torque. After wear and thinning of the
tooth tip, plastic deformation and fatigue failure
appeared:Excessive heat from friction caused bending
of the tooth tip, making it more prone to deformation.
With increased torque, more wear marks appeared, and
surface .cracks grew due to higher temperature and
contact stress..

Macr cale

Figure 3. Different scales of failure mechanisms at the
moment of failure under aload of 8Nm
Figure 4 shows polyacetal gear failure under 10 Nm

torque. At the macro scale, ductile failure is linked to
tooth bending and softening from heat.“At.the micro
scale, material flow and debris compression occur due
to rolling forces, with surface cracks near the tooth pitch
caused by cyclic fatigue.
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4. Results and Discussion

This study examined the failure modes of polymeric
POM gears under different torques. The gears were
tested at torques of 6, 8, 10, 12, and 14 Nm at 1500 rpm.
Microscopic analysis showed tooth cracking, wear, and
thinning, especially in the tooth root area, with
increased torque leading to more severe wear and plastic
deformation. Higher torque resulted in significant
plastic flow, adhesive wear, and chip accumulation. The
results underscore the importance of material selection
and design in handling mechanical and thermal loads in
gears.

4. References

Figure 4. Different scales of failure mechanisms at the
moment of failure under a load of 10 Nm
At 12 Nm torque, significant tooth damage and material

flow occurred (Figure 5). Increased contact stress and
temperature weakened the material, causing wear and
deformation. No cracks appeared in the pitch area due
to higher temperatures, while a multi-layer structure
formed at the tooth's bottom from plastic deformation.

Figure 5. Different scales of failure mechanisms at the
moment of failure under a load of 12 Nm
At 14 Nm torque, material flow, softening, and adhesive

wear occurred due to high stress and temperature,
causing severe tooth deflection and plastic deformation
(Figure 6). Chips accumulated at the tooth base due to
restricted movement.

Figure 6. Different scales of failure mechanisms at the
moment of failure under a load of 14 Nm
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2 Polybutylene Terephthalate

3 Polyether Ether Ketone

4 Acrylonitrile Butadiene Styrene
3 High-Density Polyethylene
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17 1- Hydraulic storage tank  12-Driver shaft
/' 2- Cooling fan 13- Timing pulley
3-Pressure relief valve 14-Timing belt
[ | 4-Hydraulic pump 15- AC motor
% S—Hydraplic pump support 16- S_pccd controller
14 6- Coupling 17- Steel plate
o 13 12 711 7- Bearing 18- Pump inlet port for hydraulic oil
1 -\u 21 8- Driven shaft 19- Pump outlet port for hydraulic oil
4 22 9- Backplate 20- Hydralic oil path
! 6 10 10-Driven gear 21- Housing for IR sensor
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Figure 2: Schematic diagram of the gear testing apparatus
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Figure 3: Tooth surface temperature under different torque levels
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Figure 4: Different scales of failure mechanisms in polyacetal gear-teeth at the moment of failure (224,000 cycles)
under a loadof 6 N-m
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Figure 5: Different scales of failure mechanisms in polyacetal gear teeth at the moment of failure (81,000 cycles)
under aload of 8 N-m
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Figure 6: Different scales of failure:mechanisms in polyacetal gear teeth at the moment of failure (34,000 cycles)
under aload of 10 N-m
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Figure 8: Different scales of failuresmechanisms in polyacetal gear teeth at the moment of failure (4,600 cycles)
under aload of 14 N-m
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Figure 9: EDS spectrum of the gear surface after wear
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Multiscale study of polymer gear failure under variable
torque conditions
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b Division of Plastics and Composites Engineering, Department of Mechanical Engineering, University of
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ABSTRACT
The failure mechanisms of pelymer gears are significantly influenced by applied torque and the resulting surface

temperature. Increased torque leads to higher contact stress and surface temperature, directly accelerating failure. Gear
tests at different torque levels andimultiscale analysis help identify key failure mechanisms and examine the
relationship between mechanical, loads andsthermal behavior. In this study, polyacetal, a widely used polymer for
plastic gears, was selected. Gear tests-were conducted at five torque levels (6, 8, 10, 12, and 14 N.m). The surface
temperature of the gears was monitored-online during testing. Failure mechanisms were analyzed on both macroscopic
and microscopic scales. Results showed that increasing torgue from 6 to 14 N.m raised the surface temperature by up
to 98%. This temperature rise at higher torques was attributed to a combination of mechanical and thermal factors. At
6, 8, and 10 N.m, failures such as pitch-line cracks, plastic deformation, and gear wear were observed. However, at
torques above 10 N.m, macroscopic material flow and adhesive wear, along with severe microscopic material flow,
occurred, attributed to the low thermal conductivity of Palyacetal.

KEYWORDS
Polyacetal, Gear, Failure Mechanisms, Wear, Morphology.
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