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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 Nem) 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 Nem raised surface temperature by up to 98%, attributed to combined mechanical
and thermal effects. At lower torque levels (6-10 Nem), pitch-line cracks, plastic deformation, and wear
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were observed. However, at torques above 10 Nem, 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 load-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 lightweight. However, they
experience various wear mechanisms, such as abrasion, cracks
at the tooth root, and thermal deformation. Since polymers
have lower thermal resistance 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 stress
and wear behaviors in greater detail.

*Corresponding author’s email: r mohsenzadeh@tvu.ac.ir

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 (@) 72
Number of teeth (no unit) 36
Pressure angle () (ez,) 20
face width (b) 14
Tip radius (1) 38
Pitch of base circle (py) 36
Base circle radius (13) 33.83
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Fig. 1. The surface temperature of the gear teeth under
varying torques
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Fig. 2. Different scales of failure mechanisms at the
moment of failure under a load of 6 Nm

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.

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
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Fig. 3. Different scales of failure mechanisms at the
moment of failure under a load of 8 Nm
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Fig. 4. Different scales of failure mechanisms at the
moment of failure under a load of 10 Nm

tooth root due to high contact stresses reversed slipping, and
heat buildup.

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 causes 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..

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.

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.

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.
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Fig. 5. Different scales of failure mechanisms at the
moment of failure under a load of 12 Nm

4- Conclusion

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.
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Fig. 6. Different scales of failure mechanisms at the
moment of failure under a load of 14 Nm
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3. Scanning Electron Microscope
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Fig. 1. Top view of the injection-molded polyacetal gear
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Table 1. Specifications of the Simple Gear Samples (All dimensions are in millimeters)
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1-Hydraulic storage tank
2- Cooling fan

3- Pressure relief valve
4-Hydraulic pump

15 5-Hydraplic pump support
14 6- Coupling
1 13 12 11 7- Bearing
-\u 21 8- Driven shaft
4 22 9- Backplate
10-Driven gear

11-Driver gear

" \5 \7 \?8 9
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12-Driver shaft

13- Timing pulley

14-Timing belt

15- AC motor

16-Speed controller

17- Steel plate

18- Pump inlet port for hydraulic oil
19- Pump outlet port for hydraulic oil
20- Hydralic oil path

21- Housing for IR sensor

22- IR sensor

Fig. 2. Schematic diagram of the gear testing apparatus
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Fig. 3. Schematic diagram of the gear testing apparatus
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Fig. 4. Different scales of failure mechanisms in polyacetal gear teeth at the moment of failure (224,000 cycles)
under a load of 6 Nem
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Fig. S. Different scales of failure mechanisms in polyacetal gear teeth at the moment of failure (81,000 cycles)
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Fig. 6. Different scales of failure mechanisms in polyacetal gear teeth at the moment of failure (34,000 cycles) under
a load of 10 Nem
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Fig. 7. Different scales of failure mechanisms in polyacetal gear teeth at the moment of failure (81,000 cycles) Different
scales of failure mechanisms in polyacetal gear teeth at the moment of failure (14,800 cycles) under a load of 12 Nem

A



9,5k — pwhie

obws laodl yy —p

50 pm

VPN L G g (a8 5o FFPov) o 80 aliod )3 Jlwl by 0003 2 (LAl o 59 (e 5015 I gl (gla e LA JS

Fig. 8. Different scales of failure mechanisms in polyacetal gear teeth at the moment of failure (4,600 cycles) under a
load of 14 Nem

JUslily 02503 12 0253 (gl o b3 (ol 4l > Gl ol 5 o6
AF N el cod Il L sl 2 3 anl sanlie L6 Lalls
05> Wi Blyosl YU (glod g (awled [id Juddes ¢ Joow a3l iy
sloodlyy b olyen (dge (Sadpy nd e &) Sdly JSS i
Caa B g wlod (091 00T oy p8 adlain j> adly S y05
w013 pl8 4l jl sadlis glaosly aib o 4l cpl )0 o34 (09 o
a bodly cpl S o S 00 (gl Cuows 4y p8 5 553 Ca po
2 Ol S (o Iy (62550 45U 5l 29 Jore 9 Sl &Sl Ui
Higdn oy 9 03b (> 0133 (5L 4l
ool oaS Sl g (6551 (SaSTy (predib & S
ssbglen w e s (il (9ol plsl jl e 1y Jitl s oxiog 2
5 o0 Jold dg2ge ol yals 93 09 sialie b cpl )5 &S
ol s 3l e Jlwl Ll olesd Hllo b 45 ttun 5]
b 5 oled $ g b S5 ol D)3 o S oo b e 90
polie g5 @ly > lad S Lite (5yadly 03lo 35 | cyg0]] e 32
oS sl ol oximd L5 Sl 1y (65501 (S8 (b 3 (26

1. Energy Dispersive X-ray Spectroscopy

pille g 4B)S )5 1S )3 0> S (e )3 6150 e > ol ]
ol e 0 YL slod (oplpegMe S o Jb 1) omsdu Lisle
Ol g B 5led olge (b F S Billae S oo 05 ) oy
k8 s M 4y 000 0 sdaliie Jluol b 0033 pI8 4l )3 dlge Y
ol 045 Dol 003d p ddlaio () S5 g & JSS ) 0l sdalin
Sy by SYL oled pdaw Jds 4 (AY Num) YU jolis
Cuond > Y Y Jlbo G cnlpogdle a3 o ) S5 g9y I B
5 SKhaol slo)S S5 Bl Cod e o 00 bl Ly 05> oyl
2 Sodly S5 5 dom > Y W gy Sl plne b
o 55 055 Jo
oobde 95 1) Jhwl b sxaf > o35 slapuslSe A S
S Gt 4 ek il b aad o ivles VY Num b cow glite
o3l b sdalie 0> paw 43 dlge I e BB Ly Y Nm
oiblS el Jlwl b (glaoding > dgame il colan g ey sled
Sl il o dlge b by 4 joxie pol ol 48 05 baosss plSoxiu
2 b lge b A JSB )3 (eSuwg Sue polal 4 dagi b ond)S

du..>‘.: JEl 0D PR dl.ibb.)l).) 9 u;uo}a L;MP)’ sinlf b L;YL d..\>‘.)

YAY



14005

13005

o N wm v o o
g 8 S $ ; s o o
wnlow fr T Il Dy

=
=1

300-

)
=1
=3

%‘m

[=]

s ‘ wf\r» keV

[=!

I
10

il 1 pw 010E 2 el (Gl 5 0 (55591 (S NS (i A JSS

Fig. 9. EDS spectrum of the gear surface after wear
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