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This study investigated the mechanism of torque reduction of rotating shaft seals used under grease lubrication
and different seal surface roughness. Laser-induced fluorescence method was used to measure the oil film thickness
distribution in the seal sliding area. It was found that the oil film thickness increased, and micro voids formed
with the roughness of the seal surface. The mechanism by which seal torque is reduced under grease lubrication
can be considered to be caused by a reduction in shear resistance due to increased oil film thickness and micro-
void formation within the oil film. This illustrated the importance of optimizing the surface shape in addition to

roughening the rubber surface.
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1. Introduction

Demand for reduced automobile CO, emissions is
continuing to grow, and efficient use of energy through
improved fuel economy and other means is necessary to
achieve a carbon neutral society. In order to improve fuel
economy, it is essential to reduce the friction at sliding
areas of all components. For the rotary shaft seals that
are used in the engine, drive parts, and undercarriage
parts, it is necessary to further reduce seal friction torque
while still maintaining the basic function of sealing
performance.

The rotary shaft seals used in automobiles are mostly
used with oil lubrication or grease lubrication, and a
variety of methods for reducing torque are applied. In the
case of an oil seal used with oil lubrication, such as the
seals in the engine or drive parts, steps to reduce torque
include optimizing the shape of the seal lip, coating the
lip surface, and optimizing the roughness of the sliding
surfaces??. In particular, the roughness of oil seal sliding
surfaces is known to affect the lubrication conditions and
resulting friction characteristics, and much past research
has been conducted. Sato et al. used laser-induced
fluorescence (LIF) to measure the oil film on the sliding
surface of an oil seal, and discovered that in the case of
a rough surface with high sealing performance, an oil
film of several micrometers was formed on the sliding
surface and large numbers of micro voids were formed
in it¥. Mizuta et al. studied the relationship between the
roughness of the oil seal sliding surface and the coefficient
of friction, and discovered that there is correlation of the
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density of minute surface asperities on the rubber surface
and distance between projections with the coefficient of
friction, and that this relationship changes depending on
the lubrication conditions of the sliding area®.

For seals used with grease lubrication such as hub
unit bearing seals as well, studies have been conducted
concerning torque reduction by optimizing the seal lip
shape and surface roughness® ®, however, the mechanisms
have not been fully identified. Grease is a semi-solid, and
acts as a lubricant at locations where it adheres, and while
it has an advantage over lubrication oil in that it is less
likely to scatter or flow out, the rheological properties
make the effects on friction as a lubricant more complex
than with lubrication oil. For this reason, it is beneficial
to measure grease oil film at sliding areas, and examine
the effects of the microtopography of the rubber sliding
surface on torque and lubrication conditions with grease
lubrication in order to find guidelines for reducing torque.
However, with conventional methods, observing the
lubrication conditions with grease lubrication is difficult.
JTEKT has previously used LIF and established a method
that can observe the lubrication conditions even with
grease lubrication”, and it is possible to use this method
to identify the conditions of grease lubrication.

This study clarified the grease conditions on the
sliding surface with grease lubrication, and identified the
effects that microtopography of the rubber surface have
on oil film formation. Furthermore, the torque reduction
mechanism was examined, and guidelines for the
microtopography of rubber sliding surfaces necessary for
torque reduction were obtained.
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2. Test Method

2.1 Test Samples

Circular samples simulating seals shown in Fig. 1
were prepared, and friction measurements, oil film
measurements, and sealing performance evaluations were
conducted. The rubber material was nitrile rubber, which
is the material mainly used with grease lubrication, and
five samples with different surface conditions on the lip
edge were produced (Table 1). Sample A has a surface
roughness of Rz;, 5 um on the lip edge; this is the surface
condition that is generally used. For samples B and C,
shot blasting was used to increase the roughness of the
molding die surface. This was transferred to the samples
to create lip edge roughness of Rz;, 17 um and Rz 28
pm, respectively. For sample D, the lip edge of sample
A was irradiated with a pulse laser, adding a texture of
concave shapes. For sample E, the molding die of sample
A was irradiated with a pulse laser to add a concave
texture, and these shapes were transferred to the sample
to add a texture of convex shapes. For samples D and E,
the hole depths and protrusion heights were adjusted to
the same level as the Rz;; 17 pm roughness of sample B
(Fig. 2).
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Fig. 1 Shape of rubber sample

Table 1 Specification of rubber samples

Sample A|B|C|D|E
Surface roughness Rz;;O0uym | 5 |17 |28 | O | O

500 um 100 pum

Depth 18 um

—
Interval 80 um
500 pm

(a) Sample D (Concave texture)

100 um
0 Height 20 um

500 um

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

——r
Interval 80 um

500 um

(b) Sample E (Convex texture)

Fig. 2 Surface texture shape of sample D and E

92

2. 2 Measurement of Friction

In order to verify the effect that roughness and texture
have on the coefficient of friction, we used a special
sliding friction measurement device (Fig. 3). This device
uses an air bearing to reduce the effect of friction from
parts other than the sample sliding area, and includes a
mechanism that uses a load cell to detect the co-rotation
torque of the sample attached to the air bearing. The
opposite material for seal sliding is steel sheet with
ordinary roughness (material S45C, roughness Rz;; 0.8
to 1.2 um). The sample with 0.1 g of grease applied to
the lip edge was pressed against this material, and after
10 minutes of wear-in rotation, the torque was measured
at the same rotation speed in order to calculate the
coefficient of friction (Table 2).

Air bearing
Sample

Metal plate (S45C)

Rotary shaft
Fig. 3 Sliding friction measurement device

Table 2 Friction coefficient measurement conditions

Contact loadO N 4

Rotation speedl] m/s 18
Lubricant Urea grease

Stable timel min 10

Measurement timelJ min 2

2. 3 Oil Film Measurement Using LIF
2. 3.1 LIF Principle and Device Configuration
Known methods of measuring the oil film on the
seal sliding area include optical interferometry, infrared
spectrometry, and laser-induced fluorescence (LIF). In
rubber-metal sliding modes such as an ordinary seal,
an oil film thickness of several micrometers has been
confirmed®. Because the surface roughness used in this
report is several tens of micrometers, it is expected that
the oil film thickness will be from several micrometers to
several tens of micrometers. Therefore, the selection of
the oil film thickness measurement method is important.
In order to measure the distribution of the oil film around
the texture, spatial resolution of approximately 1 um
is necessary. The method which is thought to be able
to perform measurement in this film thickness range
and spatial resolution is LIF. The following is the basic
principle of LIF and the device configuration (Fig. 4).
When an oil film containing a fixed concentration of
fluorescent substance is irradiated by a short-wavelength
laser, the fluorescent molecules contained in the
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fluorescent oil are excited. On the presupposition that the
concentration (C) of fluorescent agent in the fluorescent
oil and the oil film thickness (h) are sufficiently small,
Formula [J is valid. By using this formula and creating
a calibration curve, it is possible to calculate the oil film
thickness from the intensity of the fluorescence®. For
this measurement, the seal sliding area with fluorescent
oil applied was irradiated with a laser, and images of the
surface fluorescence were captured with a camera through
a filter. Since the relative luminance of the captured
image corresponds to the intensity of the fluorescence,
the oil film thickness can be calculated from the relative
luminance of the image.

Actrylic disk [
Sample
Optical fiber P i
Laser —
Collimator lense il -
Diffusers lense \/—“ g -\g = Motor
Camera + J II - ; Fluorescent oil
Zoom lens LJ
) ) -~ } Thermocouple
High pass filter  gjit L

EIH’ Ball screw F‘—’—‘

Rail guide

Fig. 4 Oil film observation device

10 K 10 exp O EChO)d I,ECh 0

I: Intensity of fluorescence

1,: Intensity of the irradiating laser

E: Coefficient of light absorptivity in the oil
[mol™-cm™]

C: Concentration of fluorescence [mol/L]

h: Oil film thickness [m]

2. 3. 2 Grease Oil Film Measurement Using LIF

In this report, in addition to grease lubrication,
measurement was also performed with oil lubrication
using the same samples. Comparison of the results shows
the differences in the sliding surface conditions resulting
from the different lubricant. The fluorescent oil and
fluorescent grease used for measurement were prepared
by dissolving a fixed concentration of a fluorescent agent
(Coumarin 6) in the lubrication oil and grease.

5 uL of fluorescent oil or 0.1 g of fluorescent grease
was applied to the sample lip edge, and images were
captured with laser light irradiating the seal sliding
area (Table 3). Slits were created in the light path to
reduce the effects from scattered fluorescence. Using a
calibration curve of relative luminance and film thickness
that was measured in advance under each fluorescent oil
and fluorescent grease condition, the distribution of oil
film thickness was obtained from the captured images.
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Table 3 LIF method measurement conditions

Contact load, N/mm 0.02
Lip temperature, O 60
= Seal -
2 Rotation speed, m/s 18
% Material NBR
1= Qil (Poly-a- o
= . Viscosity@400 , mm2/s 476
= olefin)
I_% Grease (Urea) Penetration 220
Fluorescent )
Concentration, mol/L 35x 1003
agent
180 (Qil),
= Power, mW
g g Laser 380 (Grease)
=
35 Wavelength, nm 405
25
2 © Shutter speed, s°* 1/3
Camera - - -
Photographing resolution, pix | 4 000 x 6 000

2. 4 Verification of Sealing Performance

The rubber samples where roughening and texturing
were performed formed a gap between the surface
asperities of the lip surface and the sliding surface,
reducing sealing performance. Simulating leakage of
base oil in the grease, a lubrication oil equivalent to the
grease base oil was dripped at constant speed from inside
the seal, and the sealing performance was checked by
measuring the amount of leaked oil on the outside after a
certain time (Fig. 5, Table 4).

Metal plate

Rotary shaft

Air bearing

Fig. 5 Sealing measurement device

Table 4 Sealing measurement conditions

Contact loadd N 4

Rotation speedd m/s 7.0
Lubricant Qil (Poly-a-olefin)

Oil inputd g/min 13

Measurement timed min 1

93



JTEKT

—Reduction of Seal Torque under Grease Lubrication and Elucidation of Its Mechanism—

3. Test Results and Considerations

3. 1 Results from Friction Measurement of
Roughened Seals

The results of friction measurement at samples with
different rubber surface roughness (Fig. 6) showed
that the coefficient of friction decreased with greater
roughness. This is thought to be due to the retention of oil
in the roughness indentations resulting from the increased
roughness of the rubber surface, which increases the
average oil film thickness on the sliding surface and
reduces oil film shear resistance.
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Fig. 6 Surface roughness and coefficient of friction in grease

3. 2 Results from Sliding Surface Observation of
Roughened Seals

Using oil film measurement technology based on
LIF, the effects of rubber surface roughness on friction
was examined by observing the seal sliding area with
grease lubrication. The results from observation of the
roughened seal sliding surface and the distribution of oil
film thickness with grease and oil lubrication are shown
in Fig. 7 and Fig. 8 respectively. The vertical arrow in
Fig. 7 indicates the width of the seal sliding area. The
dark parts indicate where the oil film is thinner, and the
light parts where it is thicker.

Based on the observation results and oil film thickness
distribution, with oil lubrication, samples B and C with
rougher rubber surfaces had a thicker oil film at the
sliding area and periphery than sample A. With grease
lubrication as well, although the oil film at the sliding
area was non-uniform, the oil film was thicker on rougher
samples, including at the periphery of the sliding area,
in the same way as with oil lubrication. The increase in
oil film thickness resulting from roughening that was
seen with both oil and grease lubrication is thought to be
caused by a hydrodynamic effect produced by the surface
asperities when the lubrication oil or grease passes
through the gap between the two sliding surfaces.

Focusing on the distribution of oil film thickness, while
a relative uniform film was formed with oil lubrication,
the film that was formed with grease lubrication was
clearly non-uniform. This non-uniform oil film with
grease lubrication was particularly significant with
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samples B and C that had rough rubber surfaces. The
cause of non-uniformity in the oil film thickness is thought
to be the effects of the material roughness on the rubber
surface at the time of measurement. However, because a
smooth oil film was obtained with oil lubrication, which
is more susceptible to the effects of the material and
forms a thinner oil film, it is unlikely that measurement
was affected by material roughness. For this reason, this
non-uniformity of the film thickness is thought to be a
phenomenon that is unique to grease lubrication. Because
grease has a higher apparent viscosity than lubrication
oil, it is presumed that the non-uniform film thickness
was caused by voids formed (Fig. 9 (a)) at the locations
of minute holes in the rubber surface, or by voids formed
around minute projections (Fig. 9 (b)). The formation of
these voids reduced the shear resistance of the oil film at
the sliding boundary, lowering torque.

Grease lubrication Qil lubrication

Sample A |Sliding
Rz;: 5 um

Sample B
Rz;: 17 pm

Sample C
Rz;,: 28 um

Fig. 7 Oil film observation image of roughened sample

Grease lubrication Oil lubrication
Sliding direction Sump side Sump side
=7 N
RS ir side_ i
Sample A ol : =z .

Rz;: 5 um

Sample B
Rz 17 um

Sump side_—7 4,

Airside %\ &

i S

Sample C
Rz 28 um

Fig. 8 Oil film distributions of roughened specimens under
grease and oil lubrication
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Seal Seal
Grease Grease
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Sliding plane ——) Sliding plane ——»

Qil film
thickness
Qil film
thickness

(a) (b)

Fig. 9 Hypothesis of non-uniformity of oil film in sliding area

3. 3 Verification of the Torque Reduction
Mechanism with Grease Lubrication

As described above, whether or not voids form at the
sliding boundary with grease lubrication is important
for identifying the torque reduction mechanism. In order
to check for the formation of voids, a sample with a
regular texture was prepared, and the effect of the surface
asperities on torque was evaluated. There was the concern
that gaps forming between the sliding boundary and the
holes and projections in the applied texture would reduce
the sealing performance due to gap leakage. As a result
of evaluating sealing performance using samples with
different rubber surface roughness (Fig. 10), sample
B (Rz;, 17 um) showed the best sealing performance.
Therefore, it was concluded that the effects of gap leakage
were small in the Rz;, 17 pm sample, and the depths of
the texture holes and heights of the projections were set
approximately the same at 17 pm.

Figure 11 shows the results from observations of
the sliding surfaces of samples D and E with grease
lubrication, and the distribution of oil film thickness.
Areas of thin oil film were confirmed to be arranged
regularly around the concave holes and convex
projections. When the gap distance between the textured
rubber surface and the opposite sliding surface is
considered, the distance increases at the concave holes
and around the convex projections compared to the
shorter distance at areas not at concave holes and in front
of convex projections (Fig. 12). Based on the observation
results in Fig. 11, since the oil film is thinner in areas
where the distance between the surfaces is larger, it is
presumed that voids formed in the areas where this oil
film was thin. This supports the presumption that the
non-uniform oil film formation shown in Fig. 8 was
due to voids formed at the surface asperities on the
rubber surface. It is believed that the grease between
the sliding surfaces is subjected to shear force in the
sliding direction, and flows along the surface asperities
on the rubber surface. At this time, because the apparent
viscosity of the grease is high, the grease is impeded from
flowing into the concave holes or to the rear of the convex
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projections, forming voids and creating areas where the
oil film is thin. From the oil film distribution around the
convex projections, it was confirmed that areas of thin
oil film were formed to the rear of the projections in the
sliding direction (Fig. 13).

The results from an evaluation of the coefficient of
friction of the textured samples (D and E) are shown
in Fig. 14. Sample E, with convex shapes, showed the
lowest coefficient of friction. It is thought that sample E
formed regular voids as a result of the minute projections
arranged in regular patterns on the surface, which reduced
the shear resistance of the oil film during sliding and
contributed to reduced torque.
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Fig. 10 Sealing performance (A, B, C)
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Fig. 11 Observation results of sliding surfaces of textured
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Fig. 12 Sliding gap distance of textured samples

Fig. 13 Oil film around micro asperities of a convex textured
sample
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Fig. 14 Friction coefficient of textured samples under grease
lubrication

Based on the study results of the samples with
roughened rubber surfaces and textured samples described
above, it is believed that torque reduction caused by
the creation of rubber surface roughness with grease
lubrication led to a reduction in the shear resistance of the
oil film due to the increase in oil film thickness and the
formation of voids at the sliding areas. The addition of a
regular texture of convex shapes largely reduced friction,
and it may be possible to further reduce torque not only
by roughening the rubber surface but also by optimizing
the surface shape, even with the same roughness, thereby
reducing friction. We will utilize the knowledge gained
here in products containing seals and work to further
improve product performance.

4. Conclusion

We studied roughening of the seal surface in order to
reduce seal torque with grease lubrication. We measured
the oil film at the seal sliding areas using LIF, and
examined a mechanism for reducing torque by identifying
the relationship between the microtopography of the
rubber surface and the formation of the oil film, reaching
the following conclusions.

1) Based on the results from measurement of oil film
thickness distribution with grease lubrication, it was
confirmed that roughening of the seal surface increased
the oil film thickness at sliding areas and produced a
non-uniform distribution of film thickness. This non-
uniform distribution of oil film thickness is presumed
to be due to the formation of voids.

2) The factors reducing seal torque with grease lubrication
are believed to be an increase in oil film thickness and
a reduction in oil film shear resistance resulting from
the formation of voids at the sliding areas.

3) In order to reduce seal torque with grease lubrication,
it is important not only to roughen the rubber surface
but also to optimize the surface shape.
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