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Abstract

The tracks of large earth moving equipment manufactured by Caterpillar
Tractor Co. often operate in the contact with mud and other abrasive
mixtures. These abrasives make their way into the joints of the equipment
and accelerate the wear of the moving parts.

This document is a study of the effects of soil abrasives on the seals used
in the joints of track vehicles. An experimental setup is described in which a
simplified version of a linkage called a bushing assembly is used to reproduce
conditions experienced by the seals in the field. Modifications to one of the
end caps of the bushing assembly allow measurements of the seal thickness
to be performed in situ.

Four experiments were conducted in which seals were tested for varying
length of time. The results are presented in the form of charts showing the
decreasing seal thickness as a function of millions of cycles. Pictures of each
of the seals showing the patterns of material erosion are also shown.

Analysis of the data suggest creep and material erosion are major
contributors to the change in seal thickness. All seals tested suffered a
permanent plastic deformation of 6% from an average seal lip thickness of
1.556 mm. Seals tested with mud became eroded at a rate inversely o
proportional to the contact area with the bushing. This suggests that seal
wear is a function of the contact pressure between the seal lip and the
bushing. Finally, an examination of the oil drained from the assembly shows
evidence that mud particles are ingested across the seal lip and may become
trapped between the seal and the bushing.

Thesis Supervisor: Professor Douglas P. Hart
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1. Introduction

At the center of this research is a track shear seal. This document is a
study of its design, its use, and chiefly, how it performs under laboratory
conditions.

1.1 The D10 Track Seal

The D10 track seal is manufactured by Caterpillar Tractor Co. and is used
in the linkages that make up their track-type vehicles. Fig. 1 shows two of
the vehicles in Caterpillar’s product line that ride on tracks and use seals like
the one described in this document.

Figure 1: A bulldozer and an excavator manufactured by Caterpillar. Both of
these vehicles ride on tracks that use seals like the one that is the subject of
this document.

15



There are three pieces to every D10 seal assembly: the load ring, the
stiffener ring, and the seal lip. Fig. 2 shows a cross section of a D10 seal

assembly.
Seal Lip

Stiffener Ring /

Load Ring

Figure 2: Each D10 seal assembly is made up of the load ring (which is
detachable), the stiffener ring, and the seal lip.

The lip is made from a soft polyurethane plastic, and the stiffener ring is
manufactured from a much stiffer glass-filled, polycarbonate material. The
seal lip is cured directly onto the stiffener ring. The load ring, is
manufactured from a nitrate rubber compound, and slips around the base of
the stiffener ring as a separate piece. The complete assembly is 10 cm. in
diameter and weighs approximately 50 gms.

1.2 Motivation

Two to four of these seals are used in every link of track. Depending on
the design and length of the track, there can be anywhere between 160 to 300
seals in one tractor. A two-seal linkage is depicted in Fig. 3.

During normal operation the tractor propels itself by gripping the pin of
each of the linkages and rotating it around a sprocket wheel. Because this
action is performed without lubrication, the bushings that make up the track
undergo severe wear and therefore have to be turned around to the unworn
side or completely replaced every two to three thousand hours of operation.
During this process, the seals that make up the track are also replaced.
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In order to reduce the cost of operating track vehicles, Caterpillar has
looked for ways to maximize the numbers of hours of operation between each
time that the bushings have to be turned.

Figure 3: The placement of the seals (two shown in cross section) in a
linkage. In addition to their colorful names, the mating ends of two links are
identified by different shades of gray.

A new design in which the bushings rotate independently of either link
succeeds in prolonging the time of operation. Making the bushings free-
rotating substantially reduces the wear they experience thereby prolonging
the number of operating hours before the track needs to be disassembled and
repaired. However, the seals used in this design are still the same, and they
will fail after the same length of time as the ones in the designs where the life
of the bushing is the limiting factor. As a result, the life of the seal is now the
limiting factor controlling the number of operating hours between
maintenance periods, and any change that prolongs their durability, is likely
to have a direct effect in the cost of operation.
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1.3 Previous Research

Track seals have been the subject of incremental improvements over time.
The current D10 design is an outgrowth of several years of fine-tuning in
terms of geometry, materials, and assembly configurations. To test these new
designs, Caterpillar uses a fixture where seals are subjected to conditions
similar to those they would experience in the field. This setup is known as a
mud box; a description of it can be found in Chapter 2.

This setup is useful in comparing the performance of competing seal
designs. Two different seals are installed (possibly simultaneously), and they
are worn using similar soil mixtures. By comparing the amount of wear that
each undergoes, one can gauge which of the seals will perform better under
field conditions.

While the mud box goes a long way towards providing a way to evaluate
seal designs without the need of a tractor, it provides a means of comparing
the performance of seals only after they’ve been run but not during the run.
While the mud box is valuable in comparing seal designs, it has thus far not
helped explain the mechanism through which the seal wears down in a
manner useful in the formulation of new designs. So far this information has
been derived by examining the worn seals post facto, and inferring from them
some theory that matches the observed results.

1.4 Scope of this Research

The ultimate objective of my research is to provide Caterpillar with
information to help them extend the time in which the track seals remain
effective. In the short term and in the scope of this document, I concentrate
on examining methods to perform in situ measurement of the erosion of the
seal lip material.

In the scope of this document, sea! effectiveness is taken to be the quality
of a seal to function adequately for a given number of hours. Given two seals,
the one that functions adequately for a longer period of time when subjected
to identical operating conditions is said to have greater effectiveness.

For the purposes of this research, seal erosion is the only effect considered
to be a factor in seal effectiveness. In particular, a seal is considered to
function adequately until its lip has been eroded below a certain threshold.

This research does not account for factors other than seal lip erosion in the
role of the seal effectiveness. For example, this research says nothing about
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the issue of side loading or in-play and what role it plays on seal effectiveness
or the effects of oil leakage.

This document does not concern itself with the effects that a change in the
geometry or varying soil compositions would have on seal effectiveness.
Formulating and verifying a model for the actual wear mechanism, is beyond
the scope of this document.

1.5 Future Research

A more in-depth definition and quantification of seal effectiveness is
needed; in particular, establishing what range of seal erosion constitutes
failure and what other factors contribute to seal effectiveness.

In the long range it should be possible to arrive at a model for how seals of
varying geometries and composition become eroded and fail. With this model
it should be possible to predict the performance of a seal design in absolute
terms and compute an optimal geometry for a given range of operating
conditions.
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2. Experimental Setup

This chapter describes mud box in which the seals are tested and the
modifications and additions required as part of this work. In particular,
section 2.5 describes modifications to the bushing assembly end cap which
permit in situ measurements as the seal is tested.

2.1 The Seal Test Unit

The outermost part of the mud box used for this work is a sheet metal
container 12 inches tall by 58 inches long by 19.5 inches wide (see Fig. 4.)
Within this enclosure there are two sets of supports each of which can hold a
bushing assembly. Fig. 5 shows one of the supports. Fig. 6 shows one of the
bushing assemblies, and Fig. 7 shows a cross-section of the bushing assembly.

2.2 The Bushing Assembly

The bushing assembly is a simplified version of the track joint depicted in
Fig. 3. The bushing represents the linkage extending downwards, and the
pin plus the end caps serve as the link extending upwards. The dimensions
of the pin and bushing are shown in Fig. 8.

The bushing assembly is has four individual components. The innermost
part is called the pin. It is the place against which the two end caps are
bolted, and around which the bushing rotates. The pin has a hollow center
which serves as an oil reservoir. The clearance between the bushing and the
pin is .5 mm.

The space between the end cap and the bushing where the seal are
mounted in called the seal cavity. When mounted in the bushing assembly,
seals are oriented so that the part number imprinted on the back of the
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stiffener ring aligns with the 12 o’clock position (the top of the seal.) This
consistency in alignment permits a uniform comparison of the seal lip across
a series of experiments.

Figure 4: The outermost part of the mud box. Visible in this picture is the
table support, the electric motor, a three phase transformer, and the box
housing the control unit.

Figure 5: The inside of the mud box. On the left is one of the pairs of
supports that holds the bushing assembly as it is being tested. on the left is
the crank that drives the clamp that turns the bushing assembly.
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Figure 6: The bushing assembly is shown outside of the mud box with the
clamp used for rotating the bushing attached. The two end caps remain
stationary while the clamp rotates the pin back and forth by 37° of
revolution.

0 7777777777777 /%

e A 755707055025 7 rrr 77

TZzZ7777Z2Z Z%{WWW/%%/—/ Lerziirrel

2222020

Figure 7: A cross section of the bushing assembly in which the D10 seals are
tested. The D10 seal is shown only in the left side of the assembly.

Figure 8: A schematic showing the dimensions of the cap and of the pin that
connects the two end caps.
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The two end caps are bolted down solid against the pin. The bushing
assembly is bolted down to the supports around the end caps. Each of the
end caps hold one seal with the seal lip pressed against the bushing.

While the set up is operating, a clamp rotates the bushing by 37° degrees
of arc (see Fig. 9 & 10.) The rate at which the pin is rotates is chosen as 9
cycles every ten seconds. This replicates the frequency of a moving tractor.
One back and forth motion translates the face of the bushing against the seal
by approximately 26 mm.

Figure 9: This picture shows the clamp used to rotate the bushing.

2.3 Seal Pre-Loading

The pin and the bushing are constructed so that they differ in length by
22.6 mm. Because the end caps are bolted solid against the pin, the combined
length of the seal cavities always remains constant at 22.6 mm.

Two identical seals mounted in opposing seal cavities would each be
compressed from their natural length of 15.5 mm, to 11.3 mm (i.e., half the
difference in length of the bushing and the pin.)

2.4 The Soil Abrasive Mixture

During the test the bushing assembly is submerged in a mud bath. The
mud is a mixture (by weight) of 29.47% fire-clay, 39.30% bank sand, 0.21%
Cabosil/Hysil, 0.14% salt, and 30.88% water. This is the same mixture that is
used by Caterpillar and was used in all of the experiments without alteration.
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The mixture is representative of the field conditions encountered by the
tractors.

For this research a mixture of three parts water and five parts dry solids
(by volume) was used as a starting point in all experiments. The effect of the
water evaporation on the mixture was minimized by daily re-mixing.

o
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Figure 10: A schematic showing the dimensions of the clamp. All
dimensions are in mm.

2.5 The Mud Containment Box

As is, each tank requires about 10 gallons of dry solids and 6 gallons of
water to completely submerge a pin bushing assembly. In order to improve
the consistency of the mud that the seals were tested with, an attachment
was designed to confine the mixture to the gap between the seal and the
bushing. This attachment (shown in Fig. 11) is about the size of a cereal box,
and requires 2 quarts of mud to cover the assembly.

One problem with the containment box is that it leaks mud on the side of
the rotating bushing. This means that the top of the bushing assembly inside
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the box will sometimes become exposed to air. The effects of this have not yet
been quantified. However, since the same thing happens when ten gallons of
mud are used, no advantage is lost in using this fixture.

Figure 11: The attachment used to contain the mud mixture around the gap
between the end-cap and the bushing is shown in the upper left part of this
picture. The container is empty of mud.

2.6 In situ Seal Meausurement

A hole was drilled through one of the end caps so that four steel rods could
be inserted to relay information on seal position and thickness. The hole is
placed so that two of the steel rods contact the back of the stiffener ring, and
the other two contact the bushing. Each one of the stainless steel rods is 140
mm in length and 1/64 of an inch in diameter.

The distance between the base of the stiffener ring and the bushing is
referred to as the BTB (base-to-bushing) measurement. Fig. 13 shows the
three measurements that are used in computing the BTB and the error.
First, the distance between the back of the end cap and top rods (those
contacting the back of the stiffener ring) is measured. This is labeled A.
Next the distance between the end cap and the bottom rods (those contacting
the face of the bushing) is measured. This is labeled B. Finally, the
difference between the top rods and the bottom rods is measured. This is
labeled C.

These measurements allow for one level of redundancy on the seal lip
estimate and provide information about the absolute position of the seal and
the bushing with respect to the end cap. Knowing the absolute positions is
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useful in estimating the load on the seal at the time of the measurement.
Section 3 describes how these measurements are translated into estimates of
seal lip wear.

Figure 12: The placement of the steel rods used in in situ measurement are
shown. The difference in length between the rods conveys the distance
between the back of the stiffener ring and the bushing. From this
measurement the thickness of the seal lip can be estimated.

END CAP

Figure 13: Every reading consists of measuring three values. The first (A) is
the distance between the back of the end-cap and the rod that contacts the
back of the stiffener ring. The second (B) is from the end cap to the rod that
contacts the bushing. The last (C) is the difference between the two rods.

2.7 Out of Cavity Seal Measurement

Measuring the dimensions of the seal outside of the seal cavity is
complicated because of the small features and slants of all the faces of the
seal lip and stiffener ring. For this reason, a stand that holds the seal lip
perpendicular to a flat plate was constructed. The distance between the back
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of the stiffener ring and the plate can then be measured consistently. Out of
cavity seal measurements reported in section 4 were taken using this stand.
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3. Theoretical Model

The interpretation of experimental readings is complicated by the visco-
elastic nature of the seal lip material and its geometry.

The end cap modification described in section 2.6 and the BTB readings
obtained from it are designed to isolate changes in the seal lip from the rest of
the seal assembly. In particular, the BTB readings are meant to be an
indicator of changes in seal lip thickness due to material erosion.

Three objects are involved in the BTB measurement: the steel rods used to
contact the seal and the bushing, the seal stiffener ring, and the seal lip. The
stiffener ring is known to deform during the loading of the bushing assembly;
but for the purposes of interpreting the BTB measurements, it is assumed
that the stiffener ring does not deform appreciably after the seal has been
loaded. Similarly, the steel rods are assumed to be sufficiently stiff that they
do not deform during the taking of the reading.

3.1 Seal Lip Material Properties

The seal lip, on the other hand, can contribute to the BTB reading in one
of three possible ways: wear, elastic deformation, and permanent plastic
deformation (creep.)

As material is eroded away from the seal, the seal lip moves in closer to
the bushing and the BTB readings go down. However, the presence of foreign
particles (e.g., mud) between the seal and the bushing can interfere with the
readings by lessening or reversing their expected decrease with time. There
is no clear way to account for this other than to assume that it is impossible
for the seal to spontaneously reconstitute and that any rise in the BTB

29



readings is due to particles (mud or otherwise) being trapped between the
seal and the bushing.

Finally, as stated in section 2.3, when the seal is compressed from its
natural length of 15.5 mm to about 11.3 mm, some of the deformation is
taken up by the seal lip while most of it is taken up by the load ring.

Fig. 14 shows a model for the seal as a combination of a dash pot and a
spring. The spring in the model accounts for the resiliency of the seal lip and
the dash pot accounts for the irreversible plastic deformation (creep) that the
seal lip experiences.
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Figure 14: The three pictures shown represent the state of the system before
loading (top), immediately after loading (middle), and after the seal has
undergone permanent plastic deformation (bottom). Each seal is modeled as
a spring and a dash pot.

The effects of this deformation on the BTB can be subtracted by taking a
set of readings for a run without the presence of soil abrasives. The BTB
readings for that run reflect changes in the seal thickness due to the visco-
elastic properties of the seal material.

3.2 Seal Lip Geometry
Fig. 15 shows a detail of the seal lip geometry. The angle of the two faces
as well as the dimension of the base of the seal are used to specify the
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geometry. The quantity h(t) is the seal thickness (the part of it that rises
above the stiffener ring and which is subject to erosion) given as a function of
time (here measured in millions of cycles.) A BTB reading is a measure of
h(t) offset by the distance between the base of the bushing and the seal lip.

| d(t)l

h(t)

| 5 /f

Figure 15: The seal lip geometry is described by three quantities: the two
angles 0 and ¢, and the base dimension b. As the seal wears over time, the
seal thickness h(t) goes down and the surface of the seal in contact with the

bushing d(t) goes up.

3.3 Models of Material Erosion
As material is eroded from the seal, the amount of the seal lip that is in
contact with the bushing increases. The quantity d(t) can be related to the

seal thickness as follows:
1

o= tan@ +tan¢ W
h,=a-b (2)
dt)=a - (h, - h(t)) 3)

where h, represents the original seal thickness, and o is a function of the
geometry of the seal lip.
What is to be determined is the rate at which the seal wears. That is, the
time rate of change of h(t). Three possibilities are considered:
dh(t) o

BT 1 4)
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_dn(t)

oc d(t) (5)
dh(t) 1
at . d® @)

Eqn. 4 is the case where the rate of seal erosion is constant. In this case
the BTB readings would appear along a line of decreasing slope when plotted.
In physical terms, this represents an increasing amount of material being
transported from the seal lip interface as time progresses. That is, as more of
the seal comes in contact with the bushing, an increasing volume of the seal
lip is eroded and h(t) decreases linearly.

Eqgn. 5 is the case where the rate of seal erosion is proportional to the
amount of seal in contact with the bushing. The smaller the contact surface,
the less wear the seal incurs and vice-versa. As with the first equation, this
requires that the volume being eroded with time increase as time progresses.
In analytical terms this corresponds to a solution where the seal thickness
decreases as one minus an exponential term, and the volume of the seal being
eroded increases exponentially with time. If this is the case, a plot of the
BTB measurements would show a slow rate of wear at the beginning followed
by a gradually accelerating fall.

Finally, Eqn. 6 corresponds to the case where the rate of seal erosion is
inversely proportional to the seal surface. In physical terms this would
correspond to large rates of wear occurring at the beginning (when the seal
lip contacts with the bushing through a thin band), and slower rates of wear
later (as the band grows thicker). This case also corresponds to a constant
volume of the seal being eroded and transported away per unit time. BTB
readings would appear along a the curve of a square root in this case.

Table 1 is a summary of the possibilities considered.
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Relation Solution BTB Plot Description

Seal thickness
dh(t) L) e decreases
—_(- =1 W) =h, - k-t linearly with
time.

Seal thickness is
proportional to the
seal contact area.

= ecdt) | Ht)=h -k -

dh(t) 1 : Seal thickness is

_— e ——— =h —k-/ LN inversely

dt  d@) M) =h,-k-Vat 5 proportional to
seal contact area.

Table 1: Summary of possible seal wear mechanism and corresponding
expected measurements. The first column shows a differential equation
relating the seal thickness [h(t)] and the seal contact area [d(t)]. The second
shows the solution for h(t) (hg is the initial seal thickness and k is the wear
rate — to be determined.) The graphs show what a plot of BTB measurements
(described in section 2.6) would look like if the relationship holds.
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4. Results

A total of four experiments were performed as described in section 2.

Each of the seals used in the test was given a label that identifies it uniquely,
either CC or NCC followed by a number (standing for Caterpillar Control, or
New Caterpillar Control.) Table 2 is a summary of the duration of each test
and the before and after out-of-cavity measurements for each seal and
counter-seal used in the experiments (i.e., seal thickness measured under
zero-load conditions.) The top and bottom of each seal tested was
photographed under 17x magnification. Fig. 16 through 18 show a seal and a
counter-seal tested without mud. Fig. 17 through 24 show the top and bottom
of two seals tested with mud. Observations about these pictures are the
subject of section 5.4.

Fig. 25 through 28 are plots showing the BTB measurements for each of
the runs. The horizontal axes is given as the number of cycles in millions and
the vertical as the BTB measurement in millimeters. The conversion
between the hours of operation (as recorded) and the millions of cycles was
done assuming 9 cycles every ten seconds (see section 2.2.) One million cycles
take 13 days to complete.

The BTB value plotted on the vertical axis is the average of the two
redundant ways of measuring the BTB distance (see Fig. 11). The error bars
are given by extending a line from the average to the two measurements.
Included in the plot is the BTB for the unloaded seal at the beginning and the
end of the test. This measurement was taken with the bushing assembly
resting vertically and with the end cap unbolted but still resting on the seal.
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Finally, note that the starting point for the plot shown in Fig. 27 is about
.2 mm higher than the other plots. This is because a slightly shorter rod was
used to contact the bushing. Had the same rod been used in all tests, all of
the initial BTB measurements for seals under load would’ve been right
around 10.2 mm.

Whenever possible, the data and the figures are ordered by the duration of
the test, with the shortest tests shown first.

cycles M){mud| m-seal |bef. (mm)| aft. (mm) c-seal |bef (mm)| aft (mm)
0.53 NCC#2 10.85] 10.76{ INCC#1 10.87 10.76
053] « |{NCC#4 10.83 10.71{ INCC#3 10.83 10.76
094} « (CC#2 10.83 10.70] {CC#4 10.84 10.73
1.06] < {CC#l 10.86 10.64{ |{CC#7 10.85 10.74

Table 2: The before and after dimensions of the measured seal (m-seal) and
the counter seal (c-seal) used in each of the four experiments is shown as a
function of the length of the test (in millions of cycles) and the presence of

mud.

1 mm

Figure 16: The top of the NCC#1 seal (worn counter to NCC#2). Tested
without mud for .53 million cycles. Magnification 17x.
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1 mm

Figure 17: The top of the NCC#2 seal. Worn without mud for .53 million
cycles. Magnification 17x. The measurements for this run are Fig. 25.

1 mm

Figure 18: The bottom of the NCC#2 seal. Worn without mud for .53 million
cycles. Magnification 17x. The top of the seal is shown above.
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1 mm

Figure 19: The top of the NCC#4 seal. Worn with mud for .53 million cycles.
Magnification 17x. The measurements for this run are shown in Fig. 26.

1 mm

.

Figure 20: The bottom of the NCC#4 seal. Worn with mud for .53 million
cycles. Magnification 17x. The top of this seal is shown above.
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1 mm

Figure 21: The top of the CC#2 seal. Worn with mud for .94 million cycles.
Magnification 17x. The measurements for this run are shown in Fig. 27.

Figure 22: The bottom of the CC#2 seal. Worn with mud for .94 million
cycles. Magnification 17x. The top of this seal is shown above.

39



1 mm

Figure 23: The top of the CC#1 seal. Worn with mud for 1.06 million cycles.
Magnification 17x. The measurements for this run are shown in Fig. 28.

Figure 24: The bottom of the CC#1 seal. Worn with mud for 1.06 million
cycles. Magnification 17x. The top of this seal is shown above.
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Figure 25: A plot of the BTB measurement for seal NCC#2. This seal was

run without mud. The first and last data points correspond to the unloaded
seal.
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Figure 26: A plot of the BTB measurement for seal NCC#4. This seal was
run with mud. The first and last data points correspond to the unloaded seal.
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Figure 27 A plot of the BTB measurement for seal CC#2. This seal was run
with mud. The first and last data points correspond to the unloaded seal.
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Figure 28 A plot of the BTB measurement for seal CC#1. This seal was run
with mud. The first and last data points correspond to the unloaded seal.
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5. Analysis

There are three steps in analyzing the data collected. First the effects of
creep and the seal elastic deformation and their influence on the BTB reading
are analyzed. From this analysis the BTB readings are adjusted in order to
isolate the seal wear component. Next the data is analyzed to see what wear
mechanism it represents (see section 3.3.) Finally, the wear rates for the
experiments run are computed.

5.1 Seal Lip Creep

The before and after readings in Table 2 show that every seal run without
mud suffers a permanent plastic deformation of between .07 and .11 mm.

The data plotted in Fig. 25 and the readings taken for the CC#2 run shows
that the effect of any permanent plastic deformation is complete in a matter
of hours, certainly by the time a day has gone by. Since the time that it takes
for the creep to set in is much shorter than the time it takes for material to be
eroded from the seal, BTB readings of experiments using mud can be used
unchanged. If the creep had set in over a longer period (e.g., seven days), the
BTB readings for those days in other runs require an adjustment to have the
effect of creep removed.

5.2 Seal Lip Wear

The shape of the curve for seals CC#1 and CC#2 (Fig. 27 & 28) suggest
that the seal wear is inversely proportional to the surface of the seal exposed
(Eqn. 6). The variable w(t) is introduced as a complimentary quantity to h(t)
that represents the amount of the seal lip worn as a function of time. It is
defined as follows:
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Figure 29: A plot of the seal wear squared showing the linear relationship
between the wear that the seal experiences squared [w(t)?] and the number
of cycles. The data shown are for the test with the CC#2 seal.
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Figure 30: A plot of the seal wear squared showing the linear relationship
between the wear that the seal experiences squared [w(t)?] and the number
of cycles. The data shown are for the test with the CC#1 seal.
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wlt) = h, - h(t) (M

dwt) _ _dh)

8
dt dt ®)
The data suggest a relationship where:
dw(t) &
ST 9
dt d(t) @)

with a solution of the form,

w(t) =[kh, [t 10)

where h, is the initial seal thickness, and k is the seal wear rate with units of
length per unit time. Since time in this document is measured in millions of
cycles, k will have units of millimeters per million cycles.

For the two seals the slope of the line in Fig. 27 & 28 represents k-h,. For
Fig. 27 (CC#2, h, = 1.55 mm) k = 0.07 mm per million cycles, and for Fig. 28
(CC#1, h, = 1.58 mm) k = 0.13 mm per million cycles.

5.3 Wear Mechanism

The inverse relation between wear and the size of the seal band is most
likely coupled to the fact that the pressure between the seal lip and the
bushing is also inversely related to the seal lip contact area. This is a strong
indication that the wear is directly proportional to the contact pressure
between the seal and the bushing.

Furthermore, as the seal wears it relieves some the strain that is taken up
by the load ring. A change of 0.1 mm in the thickness of the seal lip
corresponds to a 2% change in the strain on the load ring. However, since the
stress/strain relationship of the loading ring is unknown, the corresponding
change in pressure due to seal erosion cannot be quantified other than to say
that it goes down. With the total wear of a seal over a million cycles being
between 0.2 and 0.7 mm, this can corresponds to a change in strain of
between 4 and 14%.

Another thing that is apparent from looking at the plots is that mud or
other foreign particles become trapped between the seal and the bushing (see
section 3.1.) This is most easily seen in Fig. 30 at around 0.8 million cycles.
For the period of time of between 0.7 and 0.9 million cycles the readings of
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seal lip wear reverse direction and start climbing down. After 0.9 million
cycles the wear continues its upward climb. Because it is assumed that the
seal lip does not spontaneously regenerate, the likely explanation for the
reading is that particles become trapped between the seal and the bushing.
As to the nature of the trapped particles, all that can be said now is that
they are likely to be a combination of pieces of the seal and mud. The
evidence for this is the presence of mud and seal fragments in the oil drained
from the bushing assembly after the experiment. In order for mud particles
to be present in the oil, they would’ve had to make their way across the seal.

5.4 Surface Analysis

Fig. 16 shows the top of one a seal tested for half a million cycles without
mud. The picture shows a band about 1 mm in height running along the top
of the seal lip where the seal came in contact with the bushing. The
darkening is made visible by the permanent plastic deformation caused by
the contact. Except for the band and two small (= 1mm) indentation marks,
the seal is undamaged.

Fig. 17 & 18 are for another seal worn simultaneously with the one
described above (half a million cycles without mud.) In addition to some
blistering along the top, the top picture show the same 1 mm contact band
visible in Fig. 16. The bottom picture shows a groove 0.02 mm in height and
a smaller contact band (only .83 mm.) Despite the blisters and groove, the
change in seal thickness is likely due mostly to creep.

Fig. 19 & 20 show a seal tested with mud for half a million cycles. The top
and bottom of the seal have contact band of 1.4 mm. Both top and bottom
show a similar pattern of erosions composed of grooves and blisters. The
outermost part of the lip shows an uneven and grainy pattern of seal
material. This pattern is most likely due to a temperature increase caused by
the seal being rotated against the bushing without oil.

Fig. 21 & 22 show a seal tested for approximately one million cycles with
mud. The seal band here has grown from 1 mm to 2.7 mm. The same grainy
pattern present in the outer part of the previous seal re-appears here just
larger. The smooth portion on the inside shows some streaks. The likely
cause of the streaks is the trapping of particles as the seal face rubs against
the bushing.
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Fig 23 & 24 show a seal tested for one million cycles with mud. The seal
band here is 2.9 mm.
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6. Conclusions

6.1 Summary of Work

A version of the seal test unit (called a mud box) was modified with the
objective of performing in situ measurements of the thickness of track seals.
The modifications involved introducing a set of thin metal rods to contact the
back of the seal and the seal contact surface through one of the ends of the
apparatus. The rods relayed the position of the seal and its thickness as the
experiment was run .

Of the four experiments performed, one was carried out without mud, and
three were carried out with. The seals tested with mud showed a greater
material erosion than the seal tested without. The seal tested without
abrasives only suffered a permanent plastic deformation (attributable to the
visco-elastic nature of the seal material) but no significant loss of thickness
due to material erosion.

The data collected were matched to a model that predicts that the rate of
seal erosion is directly proportional to the contact pressure between the seal
and the bushing. The data also provide strong evidence that particles become
trapped between the seal and the bushing.

6.2 Summary of Results
1. Seal Plastic Deformation: Seals tested without mud will undergo a
permanent plastic deformation of between 0.07 to 0.11lmm. For an
average seal lip thickness of 1.55 mm, this corresponds to 6% of the
seal lip thickness.
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2. Seal Erosion: Seals tested with mud erode at a rate inversely
proportional to the contact surface with the bushing. The
experiments performed do not yet provide enough data to quantify
precisely the wear rate, but two experiments yield wear formulas of

the form:
w(t) =kh, [t

where h, is the initial seal thickness (typically on the order of 1.55
mm), k is between 0.7 and 0.13 mm per million cycles, and t is
operating time in million of cycles.

6.3 Other Observations

1. Placement of Probe: The probe made up of a set of steel rods only
measured the thickness of the seal at one point along its periphery
(the so called top.) Adding more probes to the end cap is unlikely to
result in more accurate information about the wear rate of the seal
because for all experiments so far, the wear at the top of the seal
was as large or larger than that experience by the rest of the lip.

2. Length of Test: Test were run for half a million and a million cycles
(7 and 14 days respectively.) The information obtained in the first
0.6 million cycles is indicative of the wear rate for the seal (see Fig.
29 & 30.)

6.4 Directions for Future Work

Future work on this project centers around establishing a more complete
list of the factors that contributes to seal effectiveness and expanding on the
experimental work done to date.

In this work seal failure was specified as the point at-which the seal
thickness falls below a given value. In the field, oil leakage is used as
criterion for seal failure. Future work will need to account for oil leakage as
part of the definition of seal failure.

Experimentally, there are both short and long term plans. In the short
term modifications and additions to the current setup as well as the use of a
new test apparatus are planned. The existing setup will be changed so that
the seal thickness can be monitored continuously and a transducer will be
added to measure the water content of the soil mixture. Measures of water
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content will be used to establish the role of mud composition (if any) on the
wear of the seal.

In the new apparatus, a seal can be tested while pressed against a
transparent window. In this manner the contact band as well as any
particles that may become trapped can be observed.

In the long term, a study of the load characteristics of the seal lip, the
stiffener ring, and the load ring are planned. Finite element analysis of these
elements and their movements will provide a better estimate of contact
pressure and shear forces between the seal lip and the bushing. These
estimates should clarify the effect of contact pressure on seal wear and yield
information regarding the forces experienced by the lip surface. Of particular
interest, is the study of small variations in the seal geometry (e.g., the lip
angle) and their effect on seal performance.
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