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Light Grooves
due to Molding

(a) (c)
Figure 10 — SEM Image of (a) Untested Seal (b) Air Side (c¢) Oil Side

Figures 10 (b) and 10 (c¢) show the magnified image of the air side and the oil side
surface of an untested elastomer. The radial lip seals are manufactured in two ways. In
one method the oil side surface is a trimmed surface and the air side surface is a molded
surface. In the second method, both the air side and the oil side surface are molded. In the
lip seal elastomers used for testing, the molded side is on the air side and the trimmed
side is on the oil side. From visual observations, the oil side surface looks rough when
compared to the air side surface and contains more number of asperities. Five samples of
an untested seal at different location along the circumference were analyzed. The initial

rms roughness (Sq) of the air side and the oil side surface are 0.458+0.07 um and

0.806+0.11 pum.
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(a) (C)
Figure 11 — SEM Image of (a) Tested Seal (b) Micro-Cavities (c) Micro-Asperities

Figure 11 (a) shows the scanning electron microscope image of a typical tested lip
seal elastomer indicating the air side, oil side and sealing zone. Figures 11 (b) and 11 (c)
show the micro-cavities and micro-asperities present in the sealing zone of elastomer.
Comparing the scanning electron microscope image of an untested (Figure 10 (a)) and
tested (Figure 11 (a)) lip seal elastomer, the tested seals have parallel grooves or ridges
along the circumferential direction created on the oil side of the lip seal elastomer. These
parallel grooves on the oil side of the lip seal elastomer may be due to elastomer wear
particles and oil which are dragged over the elastomer surface by the shaft rotation. Every
new seal starts with an apex which wears to form the sealing zone. The wearing away of
the lip seal elastomer apex to form the sealing zone is clearly seen from these two figures.

The sealing zone widths are measured after testing.

To estimate the amount of wear in the lip seal elastomer, two samples each of
approximately 3mm in length were cut at different locations along the circumferential
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direction of the seal. The lip seal elastomer samples were mounted with the
circumferential direction of the elastomer vertical to the objective. Figure 12 shows the
image of an untested and tested seal when the elastomer samples are mounted vertically.
The wear of the apex of the lip seal elastomer resulting in the formation of sealing zone
can be seen from the figures 12 (a) and 12 (b). A and B represent the reduction in the air
side and oil side respectively. The amount of wear per circumferential length is estimated
from the difference in area of the apex from the scanning electron microscope images of
the tested and untested seals. After testing, when the lip seal elastomer is removed, the air
side, oil side and sealing zone surface of the lip seal elastomer are not perfectly straight.
In tests, the lip seal elastomer is installed first and then the shaft (ring) is pressed from
above. This causes the lip seal apex to deflect and hence the apex and some portion of the
air side surface of elastomer come in contact with the shaft. Also during the dynamic
conditions, the sealing zone of the lip seal elastomer is deformed in the radial direction
and circumferential direction due to the hydrodynamic pressure distribution and
tangential shear stress. After testing and uninstalling the lip seal elastomer, the sealing
zone forms a curvature along the axial direction. The deviation in the air side, oil side and
sealing zone of the elastomer are included in the estimation of wear by measuring the
curvature in the air, oil and sealing zone of the elastomer using the Zygo optical
profilometer. The wear rate of the lip seal elastomer per circumferential length is
calculated by dividing the wear estimate per circumferential length by the total number of

hours the seal has operated.
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(a) (b)
Figure 12 — (a) Untested and (b) Tested Lip Seal Elastomer (Wear Measurement)

The Stitching application in Zygo was used to get the surface topography of the
elastomer. In the stitching application single measurement scans are made and they are
combined together. Stitching increases the field of view without increasing the lateral or
vertical resolution. Figure 13 shows the stitched measurement obtained from the sealing

zone of the lip seal elastomer from one of the cut-out sample.
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Figure 13 — Stitched Wear Track of Lip Seal Elastomer

The curvature of the lip seal along the circumferential direction can be seen from this

figure. A 20 % overlap was used between two consecutive measurements and they are
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averaged to minimize the amount of discontinuity and to increase the accuracy of the

surface measurements.

The sealing zone surface of the lip seal elastomer is a combination of different
frequency components. The two main components are the roughness and waviness. The
high frequency components represent the roughness also known as micro-asperities and
the low frequency components represent the waviness. A high pass Fast Fourier
Transform filter (FFT) was used to filter out the roughness from the waviness data.

Figure 14 shows the input profile, waviness profile and roughness profile.

Waviness data removed
from roughness profile

Waviness data present
in roughness profile

(a) (b)

Figure 14 — (a) Before and (b) After Selecting the Appropriate Cut off Frequency

When the correct cutoff frequency is not selected there is some waviness components
present in the roughness components or vice versa. In Figure 14 (a) there is some

roughness components still present in waviness component even after filtering has been
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done. Once an appropriate cutoff frequency is selected, the roughness components are
completely removed from the waviness profile as shown in figure 14 (b). Figure 15

shows how a surface is separated into roughness and waviness when filtering is applied.
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Figure 15 — (a) Input, (b) Roughness and (c) Waviness Components of a Surface

These methods are used in the following chapters to analyze the lip seal sealing zone

surface and to estimate the amount of wear in the elastomer.
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CHAPTER 4 - 3D SURFACE CHARACTERIZATION OF ELASTOMER

Every surface is comprised of random surface roughness with random peaks and
random valleys. Deterministic surface texture consists of repeated patterns of peaks and
valleys. In reality, the actual surface is also a combination of deterministic surface and
random surface roughness. Three dimensional topographical analysis plays an important
role in any product design and manufacturing. The performance of engineering
components can be improved by selecting the appropriate three dimensional topography.
The relation between the functional properties of surfaces and the characterization of
surface topography is difficult to predict and it varies from application to application. The
sample length and sample interval are important when characterizing a surface
topography. Three dimensional topography of any surface [22] cannot be described
completely by few parameters. Dong, Sullivan, Stout [22] proposed a primary parameter
set called “Birmingham 14 parameters” that includes a number of parameters to describe
the three dimensional topography of a surface. These parameters do not correlate with

one another and they individually provide significant information about the surface.

The lip seal elastomer sealing zone is measured using a Zygo optical profilometer.
After making measurements in Zygo optical profilometer, the measurements are exported
to Matlab to do further calculations. The optical profilometer scans include the height
measurements of the surface and are represented in the form of matrix with equal spacing

of x and y. For the surface characterization of the lip seal elastomer, Birmingham 14
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parameters were considered. The Birmingham 14 parameters are divided into four
groups: amplitude, spatial, hybrid and functional parameters. Some of the three

dimensional parameters are extended from the two dimensional parameter set.

The height of the surface is represented by n(xi, yi), where xi=1Ax, yi=jAy; i=1, 2, ...,
M; =1, 2, ..., N.Ax and Ay represent the sampling interval, and M and N represent the
number of sampling points in the x and y directions respectively. Within each seal,
samples at four different locations are considered. The surface parameters are calculated

at these four sampling areas.

4.1 AMPLITUDE PARAMETERS

4.1.1 ROOT MEAN SQUARE ROUGHNESS, S, (rms roughness)

Root mean square roughness parameter gives a measure of the roughness of a surface
from the mean plane. The continuous and discrete forms of the root mean square

roughness parameter are given below:
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Where n(x;, yi) represent the surface height measurements, 1, and 1, represent the

lengths of the surface in the x and y direction respectively. Figure 16 shows the root
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mean square roughness values of the lip seal elastomers after testing. The elastomers
which ran against textured shafts have higher roughness when compared to the

elastomers which ran against stainless steel shafts.
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Figure 16 — Root Mean Square Roughness Values of Elastomer Surface

The lip seal elastomers O1, O2, and O3 forward pumped. These seals have significant
wear only during the initial break-in period and after that there is constant film of fluid
present between the shaft and elastomer which leads to lower final roughness value. The
lip seal elastomers LG1, LG2, LG3 reverse pumped and between every oil drop test
performed, the lip seal runs in starved or partially starved condition which leads to more
wear. In addition, these seals have grooves along the circumferential direction in the

sealing zone (see Figure 38 on page 75) which leads to higher roughness.
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4.1.2 TEN POINT HEIGHT, S,

Instead of maximum peak to valley height, an average of the maximum peak to valley
height is considered. Ten point height of a surface topography is defined as the average
value of the heights of five highest summits and the depths of five deepest valleys within

the sampling area. The discrete form of the ten point height is given below:

1 5 5
SZ=§ Zlnsi|+2|nvj|
i=1 j=1

Where ng (i=1, 2, .., 5) represent the five highest summits and n,; =1, 2, ..., 5)
represent the five deepest valleys. There are several definitions of summit height. In this
study, a summit is defined by the eight nearest neighbor technique. Using different
definitions of summit, affects the number of summits and the average heights of the
summits. Figure 17 shows the ten point height of the elastomer sealing zone. The
elastomers which ran against textured shafts contain height peaks and deepest valleys

when compared to the elastomers which ran against stainless steel shafts.
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Figure 17 — Ten Point Height of Elastomer Surface
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