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1. Introduction
The involute gear form is a gear tooth profile that
allo ws constant and smooth power transmission fro m
the driving gear to the driven gear. The involute profile
is generated by sweeping an arc fro m the base circle o f
the gear out beyond the outer diameter of the gear,
which produces the characteristic involute shape. This
gear form is often described as being extremely efficient
at transmitting power as it involves mainly a ro lling
contact between the teeth. However, there also exists
sliding mot ion between the teeth. Th is slid ing motion
gives rise to a particular contact mechanism between the
teeth, and in the case of a steel pinion driving a plastic
gear, several distinct wear mechanis ms. This paper
identifies one of these mechanis ms through Scanning
Electron Microscopy images and provides a model to
predict the quantity of material that is removed fro m the
bulk of the gear by it during continuous operation of the
gear pair under load. Figure 1 illustrates how the sliding
between the two faces occurs, the small opposing
arrows at the contact interface show the driving gear
flanks sliding direct ion with respect to the driven gear.

Figure 1: Gear Contact and Sliding
The contact between the two gear teeth can be
thought of as analogous to a pair of contacting
equivalent cylinders whose diameters vary through the
line of contact as described by Hamrock et al [1]. The
rotational speed of these equivalent cylinders varies
through the line of contact and so the slip speed can be
calculated as the difference between their speeds thus:
(1)
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where:
= Slip speed (mm/s)
= Pinion rad ius (mm)
= Gear radius (mm)
= Pressure angle (radians)
= Rotational speed of gear (rev/s )
= Rotational speed of pinion (rev/s )
= Distance along the line of contact
fro m the gear centre axis
Fro m equation (1) it can be seen that the slip speed β
will be positive until the S beco mes zero, at wh ich point
there will be no slip speed. The slip speed then becomes
increasingly negative as the contact point moves away
fro m the gear centre axis along the line of contact.
The contact and wear o f a poly mer gear has been
identified as a comp lex mixture of material
characteristics and contact mechanics. Breeds et al [2]
have identified that the driv ing and driven gears are
moving in opposing directions and Kukureka et al [3]
present images of a wear mechanism between the gear
teeth that is described as lateral cracking. Ho wever,
these works were concerned predominantly with wear
rates rather than the specific wear mechanism that is
operating on a microscopic level. The wear mechanis m
identified by this research has been observed in
Polyo xy methylene (POM - Delrin 100, a type of nylon)
gears that have been operated for many cycles in an
industrial product. The product was undergoing
durability testing, hence the large number of cycles. The
wear mechanism has also been replicated in the
laboratory by the use of purpose built equipment. The
mechanis m itself consists of distinct areas of asperities
that appear to have been generated by the operation of
the gears under load. These areas can be large or small
in relation to the tooth flank area, but appear
consistently across the flank of the tooth.
2. Observed S mearing Mechanism
Figure 2 shows a POM gear tooth flank that has
been in continuous operation for ~ 6x106 cycles and then
has been sectioned, processed and imaged using a
Scanning Electron Microscope. As the imbedded footer
shows, the image is at 600 times magnificat ion and is
tilted at an angle of 40° to show the surface structures
more clearly. The direction of slip is fro m the top right of
the image to the bottom left. In the centre of the image

several smears are seen as created by the contact
conditions as the gears are driven together. They range in
size and are appro ximately 10-40 μm in length and are in
the order of 1-3 μm h igh. The swept forms of the features
would appear to be a function of the sliding contact
between the gear teeth.

Figure 4: Smearing Created by Experiment

Figure 2: Smearing of Gear Flanks 6x10 6 Cycles
These smears are evident on all teeth observed from
the industrial product that was tested, but in order to
determine that they had not been produced by some
other effect of the products system (rather than the
contact between the teeth) an experiment was devised to
attempt to reproduce these features in the laboratory.
Figure 3 shows the experiment arrangement, which
consists of a steel pinion running against a POM gear.
The pinion is driven by an electric motor and the POM
gear reaction load is controlled by an electric magnetic
particle brake, which can be seen at the far left of the
image. The assembly is mounted in such a way that the
reaction to loading is d irected though a thin steel beam
that is strain gauged and calibrated to measure the
torque delivered through the POM gear to the magnetic
particle brake. The speed of rotation is also measured
accurately by way of an encoder mounted to the rear
shaft of the motor. Using this hardware it was possible
to run the gears together for a known period of time at
an accurately measurable torque and speed.

Figure 3: Gear Wear Experiment Hardware
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Figure 4 shows a smear feature that was created by this
experimentation. The structure of the feature is different
fro m the previous image in that it is appro ximately 5
times longer and has a rougher lead ing edge than the
6x106 cycle gear. However, due to the extremely long
timescales that the 6x106 cycles gear had endured (1
year), it was necessary to attempt to accelerate the
process somewhat. The smear created by experiment
was run at around 4 times the pressure seen on the long
timescale running gear. However, smearing is seen to be
taking place in the gear surface and in addition to this ,
small p ieces of material can be s een in the process of
being ejected from the leading edge of the smear. It is
proposed that this is indeed the process by which
material is worn away fro m the surface of the gear. The
smear is init iated and as the gear runs , this feature is
then augmented by the repeated action of the steel gear
sliding and ro lling over it again and again. After many
operations the smear becomes elongated and more
pronounced until it reaches the point where the material
finally fails and breaks away from the leading edge of
the smear, thus removing material.
3. Predicti on of Wear Volume
An individual smear can be modelled as a block o f
material with dimensions corresponding to the smear
sizes observed through the SEM images. If this
analogous block were to be subject to a cyclic force o f
the same magnitude as the force applied due to the torque
generated by the gear interaction then it would be
deformed to a certain degree. If the stress generated in
the block exceeds its elastic limit then the block would
not return to its original d imensions and given a
sufficient nu mber o f cycles, then would naturally fail. A
mathematical model has been developed that applies this
scenario to a block of dimensions 20 40 3 μm (length,
width, height) and uses a looping function to iterate until
failure has occurred. Figure 5 shows the output from this
model for the single smear b lock. As the area is
dimin ished by the cyclic loading, the stress increases at
each iteration and so the area reduces rapidly to failure.
The number of cycles to fail an individual s mear is small
(~25) in th is model. However, the smear must also have
been created in the first place and so the actual number of
cycles to initiate, g row and ult imately fail the smear will
be greater than this.
2

Figure 5: Single Smear Failure Model
There are a number of assumptions made in the
model, namely the percentage area of material that is
actually in contact and the percentage area that is actually
a smear to be failed. Green wood and Williamson [4]
provide a substantial theory on the statistical quantity of
asperities in contact at a surface interface and they find
that this value is very lo w in co mparison the perceived
area of contact.
The product of the variables used in the proposed
model is 15% and although this is a much higher figure
than determined by Greenwood and Williamson, their
work was concerned entirely with hard metallic surfaces
and in this case the poly mer will deform significantly and
plastically under the load to give a far greater real contact
area. This value should be validated through further
research. For 6x106 cycles, the model returns a total wear
mass for the whole gear of 67 mg.

The gear teeth were scanned to find the exact shape
and the quantity of material that had been worn away
during operation of the 6x106 cycle gears. Figure 6
shows 3 gear teeth that have been scanned. The process
of scanning was first to carefully cut the gear tooth
away fro m the gear wheel and then to use a profile
measurement machine to measure the tooth profile as a
series of lines along the tooth from front to back. The
profile measurement was done along the x-axis as
depicted in the coordinate system in the figure. These
profile data were then used to build a computer model
fro m whence the images in Figure 6 came. A series of
profiles along the y-axis were generated at distances
matching the measurement planes and were then swept
together to form a solid model. The lighting has been
man ipulated to more clearly show the features on the
surface of each of the gear teeth. Tooth a) is fro m an
unused gear tooth, the surface of th is scan shows the
mach ining marks fro m the manufacturing operation
running in the y-axis direct ion and it can be seen that the
profile is consistent along the y-axis. Teeth b) and c) are
scans of teeth that have been worn by 6x106 cycles of
operation and the worn profile can be seen as markedly
different fro m the unused gear tooth.

4. Measurement of Wear Volume

Figure 7: Tooth Profile Measurement Data
Figure 7 shows one set of measurement data taken
during the scanning process. A dip in the profile is seen
at x = 0.4 mm, this is as the steel tooth is slipping in the
positive x direction. The slip speed reduces to zero as
the contact point moves through the gear centre axis on
the line of contact, which is x = 1.1 mm and then alters
direction so slip in the negative x d irect ion to the tip of
the tooth at x = 1.6 mm.
The models allow the analysis of the surface of the
gear teeth to measure the quantity of material removed
by wear. An average of the worn teeth was taken in
terms of volu me and was then subtracted fro m the
unworn tooth volume and mu ltiplied by the number of
gear teeth in the co mplete gear (75). This figure came to
77 mg of material worn away fro m the co mplete gear.
Figure 6: Scanned Gear Teeth
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5. Conclusions
A wear mechanism in POM spur gears has been
identified by Scanning Electron M icroscopy. A simp le
modeling has been presented which can be used to
predict the quantity of material removed by that process
of wear, although the premise of the model must be
validated. The mass of material removed fro m the gears
during realistic operational conditions has been
measured using the technique of profile measurement
and the modeled wear mass has shown to be of a similar
order as that of the physical measurements taken. The
profile measured mass of worn material value was 77
mg, while the modelled value was 67 mg . Although
superficially there appears to be a good correlation
between the model and experimental results , this is
dominated by the constants used to describe the real
contact area and number of smears on the gear tooth
surface. In the continuation of this research, this value
will be confirmed by further experimentation. Further
validation of this technique will now be undertaken by
repetition of the experimental results and by analysis. In
particular, a statistically significant nu mber o f
measurements of the size and quantity of smears found
on the surface of a worn gear should be taken. Th is will
allo w a more accurate assumption to be made for the
model inputs.
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